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Mucinous carcinoma is considered a distinct pathological entity. However, mucinous tumours can be divided

into a least two groups: mucinous A (or paucicellular) and mucinous B (or hypercellular). Mucinous B cancers

display histological features that significantly overlap with those of neuroendocrine carcinomas. We investigate

using genome-wide oligonucleotide microarrays whether mucinous A, mucinous B and neuroendocrine

carcinomas are entities distinct from histological grade- and molecular subtype-matched invasive ductal

carcinomas of no special type. Mucinous A and B and five neuroendocrine carcinomas were of luminal A

subtype, whereas one neuroendocrine tumour was of luminal B phenotype. When analysed in conjunction with

grade- and molecular subtype-matched invasive ductal carcinomas, hierarchical clustering analysis showed

that the majority of mucinous and neuroendocrine cancers formed a separate cluster. Significance analysis of

microarrays identified 3155 genes differentially expressed between mucinous/ neuroendocrine carcinomas and

grade- and molecular subtype-matched invasive ductal carcinomas (false discovery rate o0.85%), and revealed

that genes associated with connective tissue/extracellular matrix were downregulated in mucinous/

neuroendocrine cancers compared to invasive ductal carcinomas. When subjected to hierarchical clustering

analysis separately, mucinous A cancers formed a discrete subgroup, whereas no separation was observed

between mucinous B and neuroendocrine cancers. In fact, significance of microarray analysis showed no

transcriptomic differences between mucinous B and neuroendocrine cancers, whereas mucinous A cancers

displayed 89 up- and 26 downregulated genes when compared with mucinous B (false discovery rate o1.15%)

and 368 up- and 48 downregulated genes when compared to neuroendocrine carcinomas (false discovery rate

o1.0%). Our results provide circumstantial evidence to suggest that mucinous and neuroendocrine carcinomas

are transcriptionally distinct from histological grade- and molecular subtype-matched invasive ductal

carcinomas, and that luminal A breast cancers are a heterogeneous group of tumours. These findings support

the contention that mucinous B and neuroendocrine carcinomas are part of a spectrum of lesions, whereas

mucinous A is a discrete entity.
Modern Pathology (2009) 22, 1401–1414; doi:10.1038/modpathol.2009.112; published online 24 July 2009

Keywords: breast cancer; histological type; microarrays; classification

Pure mucinous carcinoma of the breast is a rare
histological type, which accounts for approximately
2% of all invasive breast cancers and is charac-
terised by clusters of tumour cells floating in large
amounts of extracellular mucus.1 Neuroendocrine
carcinoma represents 2–5% of invasive breast
cancers and displays morphological features similar
to those of neuroendocrine neoplasms of other
organs, including the gut.1

Both mucinous and neuroendocrine carcinomas
are recognised as distinct histological entities in the
latest edition of the World Health Organisation
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(WHO) classification of breast neoplasms.1,2 Capella
et al,3 however, reported that pure mucinous carci-
noma of the breast is not a single homogeneous
entity, but comprises two main subtypes based on
structural and cytological features: mucinous A (or
paucicellular), which represents the ‘classical’ var-
iant with large quantities of extracellular mucin, and
mucinous B (or hypercellular) tumours, which con-
tain less mucin and often show neuroendocrine
differentiation and argyrophilia.3 Neuroendocrine
carcinoma has also been suggested to not constitute
a single clinicopathological entity, and several histo-
logical subtypes have been described including the
cellular mucinous type,4–9 which could also be
classified as part of the spectrum of mucinous lesions
(ie mucinous B). In addition, some have suggested
that neuroendocrine differentiation may represent a
pathway of neoplastic development in a range of
breast cancers,10 although its biological and clinical
behaviour remains a matter of contention.11–14

The advent of expression profiling analysis has led
to the development of a working model for a breast
cancer molecular taxonomy comprising five mole-
cular subtypes (ie luminal A, luminal B, basal-like,
HER2þ and normal breast-like).15 This classification
has shown to be of prognostic significance: the
luminal A group of tumours have good outcome,
whereas the luminal B, HER2þ and basal-like
groups have a significantly worse prognosis.16,17

Each molecular subtype, however, may constitute a
heterogeneous group of cancers with distinct tran-
scriptomic and genomic characteristics, clinical
behaviour and drug response. This has been com-
prehensively shown for basal-like breast cancers,18–28

which are heterogeneous at the clinical, histological
and molecular levels; however, only few studies
addressed the diversity of other molecular subtypes.

Recent studies have shown that both mucinous
and neuroendocrine tumours consistently pertain to
the luminal molecular subtype;19,29 however, the
similarities and differences between these entities at
the molecular level has thus far not been explored.
The aims of this study were twofold: (i) to determine
whether mucinous and neuroendocrine carcinomas
are molecular entities distinct from histological
grade- and molecular subtype-matched invasive
ductal carcinomas of no special type; and (ii) to
define whether the histological entities mucinous
and neuroendocrine carcinomas are distinct at
the transcriptomic level given the overlapping
morphological features between mucinous A and
mucinous B and between mucinous B and neuroen-
docrine breast cancers.

Materials and methods

Samples

Mucinous and neuroendocrine carcinomas
Consecutive samples of tumours classified as pure
mucinous and neuroendocrine carcinomas were

selected from the frozen tissue bank of The Nether-
lands Cancer Institute/Antoni van Leeuwenhoek
hospital (NKI/AVL). Before and after cutting tissue
sections for RNA extraction, a representative section
was stained with haematoxylin and eosin and semi-
quantitatively assessed for the percentage of tumour
areas over the total sample area. Only samples
containing Z60% tumour cells were selected for
downstream analysis. The transcriptomic profiles of
the cases reported in this study were published in
part in an earlier study.19 Gene expression data are
publicly available at ArrayExpress (E-NCMF-3).

Control group (invasive ductal carcinomas of no
special type)
We retrieved gene expression data from 102 invasive
breast carcinomas that were part of an unrelated
research project in our institute and were published
in part by Kreike et al.18,30 This gene-expression
dataset differs only in tumour type analysis (ie
predominantly invasive ductal carcinomas), but is
similar with regards to experimental work-up. Of
these 102 invasive breast carcinomas, 91 were
invasive ductal carcinomas of no special type (hence-
forward ‘invasive ductal carcinomas’) and used as
controls. Gene expression data are publicly available
at ArrayExpress (E-NCMF-24). Detailed information
on RNA extraction, amplification, labelling, hybridi-
sation, scanning, microarray platform and analysis
has been described earlier.18,19

Histopathological Review and Immunohistochemistry

All samples of mucinous and neuroendocrine
carcinomas were independently reviewed by two
pathologists (FCG and JSR-F). Tumours were classi-
fied as of mucinous histological type according to
the criteria outlined by Ellis et al1 and subclassified
into mucinous A and mucinous B according to the
criteria outlined by Capella et al.3 In brief, mucinous
A tumours were paucicellular and 60–90% of the
tumour areas were composed of extracellular mucin
in which scattered neoplastic cells arranged in
trabeculae, ribbons, festoons and rings were found.
These neoplastic cells either lacked or only rarely
showed intracellular mucin. Mucinous B tumours
had a higher cellularity, a lower mucin content
(30–75% of tumour area), and were preferentially
characterised by neoplastic cells, often containing
intracytoplasmic mucin, arranged in large, densely
packed clumps and sheet-like structures.3 Neuroen-
docrine carcinomas were defined according to the
WHO criteria. In brief, tumours displayed morpho-
logical features reminiscent of those of neuroendo-
crine carcinomas of gastrointestinal tract and lungs,
including tumour cells arranged in solid nests and/
or trabeculae separated by delicate fibrovascular
stroma. Rosettes, peripheral palisading and solid
papillary formations were also considered features
of neuroendocrine cancers. To establish an objective
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diagnosis, neuroendocrine carcinomas were diag-
nosed only when usual morphological features and
expression of at least one neuroendocrine marker (eg
chromogranin, synaptophysin or CD56) in at least
50% of cells were found.1 A perfect agreement
between the two pathologists was reached in all but
in one case (3683). The discrepancy was resolved by
simultaneous analysis of representative histological
sections of this tumour on a multi-headed micro-
scope. The pathological characteristics of all cases
are presented in Table 1.

Immunohistochemical analysis of mucinous and
neuroendocrine carcinomas was performed as de-
scribed earlier19 with antibodies raised against
chromogranin (DAK-A3, 1:8000, Dako), synaptophy-
sin (polyclonal, 1:400, Dako) and CD56 (123C3,31

1:800). For chromogranin and synaptophysin only
cytoplasmic staining was considered as specific, for
CD56 both membrane and cytoplasmic expression.

Out of the 91 invasive ductal carcinomas, none
displayed overt features of mucinous or neuroendo-
crine differentiation in 410% of the tumour areas.
Owing to the lack of material available from the
invasive ductal carcinomas, immunohistochemical
analysis of the neuroendocrine markers chromogra-
nin, synaptophysin and CD56 was not performed on
these control tumours.

Data Analysis

A subset of the 34 580 probes was selected, based
on the following criteria: unambiguous mapping
information for the probe, expression data available
for at least 75% of all experiments and the expres-
sion level significantly different from the reference
expression in at least 10% of experiments with a
P-value of o0.01. These criteria reduced the total
number of transcripts to 8398 significantly regulated
transcripts.

To define whether a tumour pertained to basal-
like, luminal A, luminal B, HER2 or normal breast-
like molecular subgroup, we determined the Spear-
man’s rank correlation of each case with the
‘Intrinsic/UNC’ class centroids by Hu et al.17 Almost
all ‘intrinsic genes’ were identified (293 out of 306
unique genes).

After defining the molecular subtypes of the
invasive ductal carcinomas, a subset of 24 of these
tumours were selected to match with the mucinous
A, mucinous B and neuroendocrine carcinomas
based on histological grade and molecular subtype.

For unsupervised clustering analysis, we per-
formed average-linkage hierarchical clustering of a
centred correlation similarity matrix of the muci-
nous, neuroendocrine carcinomas and invasive
ductal carcinomas (23 pertaining to the luminal A
and 1 to the luminal B subtype) with 8398 filtered
genes using the program Cluster,32 and results were
visualised with TreeView. Genes and arrays were
median centred.

To determine the significantly differentially ex-
pressed genes between mucinous A, mucinous B,
neuroendocrine and grade- and molecular subtype-
matched invasive ductal carcinomas, we used
significance analysis of microarrays software33 per-
forming 1000 permutations, as described earlier.20

Exact Hypergeometric Probability Analysis for Gene
List Enrichment

Analysis for enrichment of differentially expressed
genes identified by significance analysis of micro-
arrays was performed using hypergeometric probabil-
ity analysis, whereby the number of genes in common
between two groups was identified and a representa-
tion factor (the number of overlapping genes divided
by the expected number of overlapping genes drawn
from two independent groups) was calculated. A
representation factor 41 indicates more overlap than
expected of two independent groups, whereas a
representation factor o1 indicates less overlap than
expected. The probability of finding an overlap of
that number of genes was then calculated using
the hypergeometric probability formula: C(D, x) *
C(N–D, n–x)/C(N,n). (http://elegans.uky.edu/MA/
progs/representation.stats.html).

Ingenuity Pathway Analysis

To determine pathways and networks that were
significantly regulated in the gene expression data of
mucinous, neuroendocrine tumours and grade- and
molecular subtype-matched invasive ductal carcino-
mas, we performed pathway analysis using the
Ingenuity Pathway Analysis program (http://www.
ingenuity.com). The differentially expressed genes as
identified by significance analysis of microarrays were
mapped to networks available in the Ingenuity
database and were ranked by score. The score
indicates the likelihood of the genes in a network
being found together because of random chance. Using
a 99% confidence level, scores of Z3 are significant.

Results

Mucinous and Neuroendocrine Carcinomas are
Molecularly Distinct from Grade- and Molecular
Subtype-Matched Invasive Ductal Carcinomas of no
Special Type

Out of 24 cases, six were classified as neuroendo-
crine carcinomas and 18 as mucinous carcinomas
according to the WHO criteria.1 Mucinous cancers
were subclassified into A and B subgroups accord-
ing to the criteria of Capella et al: 3 10 were bona fide
mucinous A and 8 were mucinous B; no case was
classified as mixed (Figure 1; Table 1). All neuroen-
docrine carcinomas displayed features consistent
with the diagnosis of solid neuroendocrine carcinoma
of the breast1 and expressed at least one marker
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Table 1 Histological characteristics and molecular subtypes according to the ‘Intrinic/UNC’ centroids (Hu et al, BMC Genomics 7, 2006) of mucinous and neuroendocrine carcinomas

Case Extracellular

mucin

Nuclear

pleomorphism

Histological

grade

Structure pattern Cytological pattern Foamy

cells

Intracellular

mucin

Signet ring

cells

Apocrine

features

Synapto-

physin

Chromo-

granin

CD56 Histological

type

Molecular

subtype

3671 80% 3 2 Rings, festoons, ribbons,

trabeculae

Polyedrical Yes No No Diffuse 0 0 0 Mucinous A Luminal A

3672 80% 2 1 Ribbons, festoons, rings Polyedrical, columnar

with apical snouts

Yes Rare No Focal 0 0 0 Mucinous A Luminal A

3673 85% 2 1 Rings, ribbons,

cribriform

Columnar with apical

snouts, spindle

No No No No 1+ 0 0 Mucinous A Luminal A

3674 60% 3 1 Rings, cribriform,

festoons, sheets

Polyedrical, columnar

with apical snouts

Yes No No No 0 0 1+ Mucinous A Luminal A

3675 80% 2 1 Ribbons, rings, festoons Polyedrical, columnar

with apical snouts

No Yes Yes No 0 0 0 Mucinous A Luminal A

3676 80% 3 1 Rings, ribbons Polyedrical, hyaline Yes Yes Yes No 1+ 0 0 Mucinous A Luminal A

3677 80% 2 1 Trabeculae, rings,

festoons

Columnar with apical

snouts, spindle

Yes Yes Rare No 0 0 0 Mucinous A Luminal A

3678 70% 3 1 Cribriform, festoons Polyedrical, columnar

with apical snouts

Yes Yes Yes Diffuse 0 0 0 Mucinous A Luminal A

3679 90% 2 1 Rings, festoons, ribbons,

trabeculae

Columnar with apical

snouts, spindle

No Yes No Focal 0 0 0 Mucinous A Luminal A

3680 90% 2 1 Festoons, cribriform,

ribbons, sheets

Polyedrical No Yes Yes No 0 0 0 Mucinous A Luminal A

3681 30% 3 3 Sheets, trabeculae Polyedrical No No No No 0 0 0 Mucinous B Luminal A

3682 30% 3 1 Sheets, cribriform Spindle, hyaline No No No No 1+ 1+ 1+ Mucinous B Luminal A

3684 30% 2 1 Sheets Spindle, hyaline No No No No 0 0 0 Mucinous B Luminal A

3685 60% 3 1 Sheets, cribriform Cuboidal, spindle Yes No No No 0 0 0 Mucinous B Luminal A

3686 30% 2 2 Sheets Polyedrical, clear cells No Yes Yes No 0 0 0 Mucinous B Luminal A

3687 30% 2 1 Sheets, cribriform Polyedrical Yes Yes Yes No 0 0 0 Mucinous B Luminal A

3688 40% 2 2 Sheets Polyedrical, cuboidal

with apical snouts

No No No No 1+ 0 0 Mucinous B Luminal A

3690 40% 3 2 Sheets, cribriform,

rings, trabeculae,

ribbons

Polyedrical, cuboidal

with apical snouts

No No No No 0 0 0 Mucinous B Luminal A

3683 10-20% 3 2 Sheets, trabeculae Sheets, nests, cribriform Yes Yes Yes No 2+ 2+ 0 Neuroendocrine Luminal A

3695 None 3 2 Nests, sheets Spindle, hyaline No No No No 2+ 2+ 0 Neuroendocrine Luminal A

3696 None 3 2 Nests, sheets Spindle, hyaline No No No No 2+ 2+ 2+ Neuroendocrine Luminal A

3698 None 3 3 Nests, sheets Spindle, polyedrical Yes No No No 2+ 0 0 Neuroendocrine Luminal B

3699 o5% 2 2 Sheets, nests Spindle, hyaline No Yes No No 2+ 2+ 0 Neuroendocrine Luminal A

3700 None 2 1 Papillary structures,

sheets

Spindle, hyaline,

cuboidal with apical

snouts

Yes No No No 0 0 2+ Neuroendocrine Luminal A

Histological grade according to Bloom and Richardson.
Scoring of immunohistochemical staining of synaptophysin, chromogranin and CD56: 0¼negative; 1+¼ 10–50% of tumour cells positive; 2+¼450% of tumour cells positive.
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of neuroendocrine differentiation in 450% of cells
as evaluated by immunohistochemistry (Figure 2;
Table 1), whereas only 3 of the 10 mucinous A (30%)
and 2 of the 8 mucinous B tumours (25%) expressed

neuroendocrine markers in 410% of cells (Table 1).
To define the basal-like, luminal A, luminal B, HER2
and normal breast-like molecular subtype class, we
determined the correlation between the expression

Figure 1 Representative photomicrographs of mucinous A carcinoma (a) and (b), mucinous B carcinoma (c) and (d) and neuroendocrine
carcinoma (e) and (f). (a, c, e), �40 original magnification; (b, d f), � 400 original magnification.
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profile of each tumour with the ‘Intrinsic/UNC’ class
centroids described by Hu et al.17 Mucinous cancers
were homogeneous and consistently displayed a
luminal A expression profile; neuroendocrine carci-
nomas were assigned to the luminal A (n¼ 5) or B
(n¼ 1) molecular subtypes (Table 1).

We next assessed whether mucinous and neu-
roendocrine carcinomas would constitute distinct
special types and discrete entities from invasive
ductal carcinomas not only at the histological but
also at the molecular level. For comparison, we
selected from a control group of 102 invasive breast
carcinomas a series of 24 invasive ductal carcinomas
that were histological grade- and molecular subtype-
matched with the cohort of mucinous and neuroen-
docrine cancers. This series consisted of 23 luminal
A and one luminal B tumours, of which 14, eight
and two were of grades 1, 2 or 3, respectively
(Supplementary Table 1). Unsupervised hierarchical
clustering using 8398 significantly regulated tran-
scripts revealed that, with the exception of three

mucinous A tumours, mucinous and neuroendo-
crine carcinomas formed a separate group. In fact,
the mucinous/neuroendocrine cluster was signifi-
cantly enriched for these tumours (Fisher’s exact test
Po10�9; Figure 3). We further observed that in the
mucinous/neuroendocrine cluster the mucinous B
cancers were intermingled with neuroendocrine
carcinomas, whereas mucinous A tumours clustered
significantly more tightly together (Fisher’s exact
test Po10�6). These results provide evidence to
suggest that mucinous and neuroendocrine tumours
are distinct transcriptomic entities from grade-
and molecular-subtype-matched invasive ductal
carcinomas.

Given the separation observed between muci-
nous/neuroendocrine and histological grade- and
molecular subtype-matched invasive ductal carci-
nomas in the hierarchical clustering, we sought to
define their transcriptional differences. Supervised
analysis using significance of microarray analysis
revealed 3155 transcripts differentially expressed

Figure 2 Neuroendocrine carcinoma (case 3696). Haematoxylin and eosin staining (a). Positive staining for the neuroendocrine markers
synaptophysin (b), chromogranin (c) and CD56 (d).
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between mucinous/neuroendocrine tumours vs
grade- and molecular subtype-matched invasive
ductal carcinomas (1582 and 1573 transcripts were
preferentially expressed in mucinous/neuroendo-
crine cancers and grade- and molecular subtype-
matched invasive ductal carcinomas, respectively;
false discovery rateo0.85%; Supplementary
Table 2). Of note, extracellular matrix genes (eg,
collagens, matrix metalloproteinases, insulin-like
growth factor-binding proteins, laminins), ERBB2
and high molecular weight cytokeratins KRT5 and
KRT14 were downregulated, whereas ESR1 and the
oestrogen receptor-a (ER)-regulated genes BCL2,
ERBB4 and TFF3, the luminal KRT18 but also
CDKN1A (p21) were upregulated in mucinous/
neuroendocrine tumours compared with grade-
and molecular subtype-matched invasive ductal
carcinomas. These differences were further explored
by Ingenuity Pathway Analysis of the 3155 differ-
entially regulated transcripts identified by signifi-
cance of microarray analysis, which revealed that
extracellular matrix genes of the ‘Connective Tissue
Disorders, Dermatological Diseases and Conditions,
Genetic Disorder’ (score 36) and ‘Cell Death, Protein
Degradation, Cellular Function and Maintenance’
(score 29) networks were predominantly down-
regulated in mucinous/neuroendocrine carcinomas
compared to grade- and molecular subtype-matched
invasive ductal carcinomas (Supplementary Table 3;
Supplementary Figure 1).

To define the molecular pathways differentially
regulated between mucinous, neuroendocrine can-
cers and grade- and molecular subtype-matched
invasive ductal carcinomas, we analysed mucinous
A, mucinous B and neuroendocrine tumours sepa-
rately. Significance of microarray analysis revealed
651 transcripts differentially expressed between

mucinous A (n¼ 10) and grade- and molecular
subtype-matched invasive ductal carcinomas
(n¼ 10) (361 up- and 290 downregulated in muci-
nous A cancers; false discovery rate o0.85%), 597
transcripts between mucinous B (n¼ 8) and grade-
and molecular subtype-matched invasive ductal
carcinomas (n¼ 8) (179 up- and 418 downregulated
in mucinous B carcinomas; false discovery rate
o0.85%) and 337 transcripts between neuroendo-
crine (n¼ 6) and grade- and molecular subtype-
matched invasive ductal carcinomas (n¼ 6) (11 and
326 transcripts preferentially expressed in neuroen-
docrine and in grade- and molecular subtype-
matched invasive ductal carcinomas, respectively;
false discovery rate o0.85%) (Supplementary
Table 4).

Ingenuity Pathway Analysis of the 651 differen-
tially expressed transcripts identified by signifi-
cance of microarray analysis revealed four
‘Connective Tissue’-related networks (scores 39,
37, 34 and 28, respectively) among the 10 most
significant networks, in which extracellular matrix
genes (eg, collagens, laminins, matrix metallopro-
teinases) were predominantly downregulated in
mucinous A tumours compared with grade- and
molecular subtype-matched invasive ductal carci-
nomas of luminal A phenotype (Figure 4a; Supple-
mentary Figure 2a; Supplementary Table 5). Of note,
genes of the FGF family (eg, FGF10, FGF13, FGF14)
were found to be upregulated in mucinous A
cancers compared with grade-matched invasive
ductal carcinomas of luminal A subtype (Figure 4a;
Supplementary Table 4), and the differentially
expressed transcripts between mucinous A and
grade- and molecular subtype-matched invasive
ductal carcinomas were significantly enriched for
genes of the ‘FGF Signalling’ canonical pathway
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Figure 3 Unsupervised hierarchical clustering of mucinous, neuroendocrine and grade- and molecular subtype-matched invasive ductal
carcinomas. Average-linkage clustering of 10 mucinous A, 8 mucinous B, 6 neuroendocrine cancers and 24 invasive ductal carcinomas of
no special type (IDC-NST) using 8398 significantly regulated transcripts.
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(P¼ 0.0108; Supplementary Table 5). Furthermore,
the ‘Endoplasmic Reticulum Stress Response’
canonical pathway was upregulated in mucinous

A compared with grade- and molecular subtype-
matched invasive ductal carcinomas (P¼ 0.0281;
Supplementary Figure 2b).

c

Network: Cell Morphology, Connective Tissue
Development and Function, Tissue
Development

b Mucinous B cancers vs. grade-and
molecular subtype matched IDCs-NST

Neuroendocrinecancers vs. grade-and
molecular subtype matched IDCs-NST

Mucinous A cancers vs. grade-and
molecular subtype matched IDCs-NST

a

Network: Connective Tissue Development
and Function, Skeletal and Muscular System
Development and Function, Tissue
Development

Network: Cancer, Reproductive System
Disease, Ophthalmic Disease

Figure 4 Ingenuity Pathway Analysis. Extracellular matrix genes of the ‘Connective Tissue Development and Function, Skeletal and
Muscular System Development and Function, Tissue Development’ network (score 37) are downregulated in mucinous A vs histological
grade- and molecular subtype-matched invasive ductal carcinomas (a), of the ‘Cell Morphology, Connective Tissue Development and
Function, Tissue Development’ network (score 44) are downregulated in mucinous B vs histological grade- and molecular subtype-
matched invasive ductal carcinomas (b), of the ‘Cancer, Reproductive System Disease, Ophthalmic Disease’ (score 43) are downregulated
in neuroendocrine vs grade- and molecular subtype-matched invasive ductal carcinomas (c). Green: downregulation, red: upregulation.
IDCs-NST: invasive ductal carcinomas of no special type.
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Ingenuity Pathway Analysis revealed that, like in
mucinous A carcinomas, downregulation of extra-
cellular matrix genes (eg, collagens, fibulins and
matrix metalloproteinases) pertaining to networks
involved in ‘Cell Morphology, Connective Tissue
Development and Function, Tissue Development’,
‘Post-Translational Modification, Cancer, Reproduc-
tive System Disease’ and ‘Cellular Movement, Skele-
tal and Muscular Disorders, Tissue Development’
(scores 44, 43 and 37, respectively) was observed in
mucinous B compared with grade-matched invasive
ductal carcinomas of luminal A phenotype (Figure 4b;
Supplementary Figure 3a; Supplementary Tables 4
and 5). Furthermore, the high molecular weight
cytokeratins KRT5 and KRT14 were downregulated,
whereas ESR1, BCL2, ERBB4 and FOXA1 were found
to be upregulated in mucinous B vs grade- and mole-
cular subtype-matched invasive ductal carcinomas
(Supplementary Table 4). Ingenuity Pathway Analysis
of genes differentially expressed between mucinous B
vs grade-matched invasive ductal carcinomas of
luminal A phenotype revealed an enrichment for
genes of the ‘p53 Signalling’ (P¼ 0.0042) and of
the ‘Wnt/b-catenin Signalling’ canonical pathways
(P¼ 0.0299), the latter being downregulated in muci-
nous B tumours compared with invasive ductal car-
cinomas of the same histological grade and molecular
subtype (Supplementary Table 5; Supplementary
Figure 3b).

Similar to mucinous A and B tumours, the
functional mapping of the 337 significantly differ-
entially regulated transcripts between neuroendo-
crine and grade- and molecular subtype-matched
invasive ductal carcinomas to the Ingenuity data-
base identified networks of genes having a role in
‘Cancer, Reproductive System Disease, Ophthalmic
Disease’ (score 43) and ‘Cell-To-Cell Signalling and
Interaction, Connective Tissue Development and
Function, Post-Translational Modification’ (score
42), including matrix metalloproteinases, collagens,
fibulins and ITGB1, to be downregulated in neu-
roendocrine carcinomas, as was the ‘IGF-1 Signal-
ling’ canonical pathway (P¼ 0.0071; Figure 4c;
Supplementary Figure 4; Supplementary Table 5).

As mucinous B and neuroendocrine carcinomas
have significantly overlapping morphological fea-
tures and were intermingled in the hierarchical
clustering analysis, we defined the transcriptomic
differences of these two subtypes and histological
grade- and molecular subtype-matched invasive
ductal carcinomas. Significance of microarray ana-
lysis revealed 2315 transcripts differentially ex-
pressed (1020 up- and 1295 downregulated
transcripts in mucinous B/neuroendocrine cancers
at a false discovery rate o0.90%) between mucinous
B/neuroendocrine cancers (n¼ 14) and grade- and
molecular subtype-matched invasive ductal carci-
nomas (n¼ 14). (Supplementary Table 4). Of note,
transcriptional regulators (eg, MED23, GMEB1,
TCF25, EEF1A2), ESR1 and the ER-regulated
genes FOXA1, XBP1, ERBB4 and BCL2 and ‘Lipid

Metabolism, Molecular Transport, Small Molecule
Biochemistry’ gene network (score 31) were
upregulated in mucinous B/neuroendocrine carci-
nomas vs grade- and molecular subtype-matched
invasive ductal carcinomas (Supplementary
Figure 5a; Supplementary Table 5). In addition,
extracellular matrix genes (eg, collagens, laminins,
PLAU, VCAN, SERPINH1) as seen in the ‘Ophthal-
mic Disease, Cardiovascular Disease, Genetic Dis-
order’ network (score 36) were downregulated in
mucinous B/neuroendocrine carcinomas compared
with grade- and molecular subtype-matched inva-
sive ductal carcinomas (Supplementary Figure 5b).

Taken together, our results provide evidence to
suggest that mucinous A, mucinous B and neuroen-
docrine carcinomas are transcriptionally distinct
from histological grade- and molecular subtype-
matched invasive ductal carcinomas of no special
type. Furthermore, discrete molecular pathways/
networks were found to be activated in mucinous
and neuroendocrine cancers compared with grade-
and molecular subtype-matched invasive ductal
carcinomas. Most strikingly, mucinous and neu-
roendocrine tumours displayed downregulation of
extracellular matrix and connective tissue-asso-
ciated genes compared with grade- and molecular
subtype-matched invasive ductal carcinomas.

Mucinous A Cancers are Distinct Entities, Whereas
Mucinous B and Neuroendocrine Carcinomas Share
Similar Transcriptomic Profiles

Given that (i) mucinous A, mucinous B and
neuroendocrine carcinomas formed a separate clus-
ter when subjected to hierarchical clustering analy-
sis with grade- and molecular subtype-matched
invasive ductal carcinomas and that (ii) there is a
significant overlap between the morphological fea-
tures of mucinous B and neuroendocrine carcino-
mas, we sought to determine whether these
histological entities would constitute distinct enti-
ties at the transcriptomic level.

Unsupervised hierarchical clustering analysis of
mucinous A, mucinous B and neuroendocrine
carcinomas revealed that all mucinous A tumours
formed a discrete cluster, whereas mucinous B and
neuroendocrine carcinomas were intermingled in a
separate cluster (Figure 5). These results provide
evidence to suggest that mucinous A is a molecular
entity distinct from mucinous B and neuroendo-
crine carcinomas, whereas mucinous B and neu-
roendocrine carcinomas have a highly similar
transcriptome.

To further define the differences between muci-
nous A, mucinous B and neuroendocrine carcino-
mas, we performed significance of microarray
analysis using the 8398 significantly regulated
transcripts. This analysis revealed 115 transcripts
differentially expressed between mucinous A and
mucinous B carcinomas (89 up- and 26 tran-
scripts downregulated in mucinous A cancers; false
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discovery rate o1.15%; Supplementary Table 6).
Compared with mucinous B carcinomas, mucinous
A cancers were found to upregulate cell-junction
genes (eg, WTIP, GJA1), cytokeratins (eg, KRT7,
KRT23) and VIM, ITGB5 and VEGFC, but down-
regulate genes having a role in lipid synthesis/
transport (eg, AGPAT5, APOL6), as well as
ERBB4 and FOXA1 (Supplementary Table 6). The
upregulation of molecular transporters (eg,
SLC12A6), cell-junction genes as well as MET and
ITGB5 was also seen in the top network ‘Carbohy-
drate Metabolism, Lipid Metabolism, Molecular
Transport (score 39; Supplementary Table 7; Sup-
plementary Figure 6a).

The 416 differentially expressed transcripts iden-
tified between mucinous A and neuroendocrine
tumours using significance of microarray analysis
(false discovery rate o1.00%; Supplementary Table
6) showed great overlap with the 115 genes
discriminating mucinous A and mucinous B cancers
(73 genes overlap; representation factor: 12.8;
Po10�68). For instance, downregulation of ERBB4
or FOXA1, and upregulation of VIM, FOS or IL4R
were found in both comparisons. These findings
show that the similarities in the transcriptomic
differences between mucinous A and mucinous B
and between mucinous A and neuroendocrine
carcinomas cannot be attributed by chance, provid-
ing another line of indirect evidence to suggest that
mucinous B and neuroendocrine carcinomas are
closely related at the molecular level.

Ingenuity Pathway Analysis of 416 differentially
expressed transcripts identified between mucinous
A and neuroendocrine tumours revealed ‘Cell-to-
Cell Signalling and Interaction, Tissue Develop-
ment, Cell Morphology’ (score 46) and ‘Cell
Morphology, Cellular Assembly and Organization,
Cellular Movement’ (score 41) networks of integrins

(eg, ITGA5, ITGB2, ITGB5), calcium-binding pro-
teins (eg, S100A8, S100A11) and actin cytoskeleton/
actin-binding genes (eg, DIAPH2, ANXA1, ACTN1,
AFAP, RDX, TMSB4X, VCL), which were upregu-
lated in mucinous A compared with neuroendocrine
cancers (Supplementary Figure 6b and 6c; Sup-
plementary Tables 6 and 7). These differentially
expressed transcripts were also found to be enriched
for ‘Macropinocytosis’ canonical pathway genes
(P¼ 0.002), a clathrin-independent form of endocy-
tosis, and ‘IGF-1 Signalling’ genes (P¼ 0.00189)
(Supplementary Figure 7; Supplementary Table 7),
which were predominantly upregulated in muci-
nous A compared with neuroendocrine cancers. Of
note, the genes identified of this ‘IGF-1 Signalling’
pathway were different from the ones of the same
pathway differentially expressed between neuroen-
docrine cancers and invasive ductal carcinomas
(Supplementary Figure 4).

Remarkably, significance of microarray analysis of
mucinous B and neuroendocrine carcinomas
showed no transcriptomic differences between these
two breast cancer types as no differentially ex-
pressed genes could be assigned (false discovery rate
o1–o52%; Supplementary Table 6). These results
were further confirmed by maxT test,34 which failed
to show any differentially expressed transcripts
(data not shown).

Given the striking similarity between mucinous B
and neuroendocrine tumours at the molecular level,
we sought to define the transcriptomic differences
between these two histological types and mucinous
A tumours. Ingenuity Pathway Analysis of the 663
differentially expressed genes identified by signifi-
cance of microarray analysis (581 up- and 82
transcripts downregulated in mucinous A cancers,
respectively; false discovery rate o1.05%; Supple-
mentary Table 6) revealed that ‘Cell Morphology,
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Figure 5 Unsupervised hierarchical clustering of mucinous and neuroendocrine carcinomas. Average-linkage clustering of 10 mucinous
A, 8 mucinous B and 6 neuroendocrine tumours using 8398 significantly regulated transcripts.
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Skeletal and Muscular System Development and
Function, Cancer’ (score 56) and ‘Ophthalmic Dis-
ease, Cancer, Cell Signalling’ (score 48) networks of
extracellular matrix genes (eg, collagens, fibulins)
are upregulated in mucinous A compared to muci-
nous B and neuroendocrine tumours, as are TGFB1
and KRT7 (Supplementary Table 7; Supplementary
Figure 8). Furthermore, the ‘Integrin Signalling’
canonical pathway (P¼ 0.00018) was found to be
upregulated in mucinous A vs mucinous B
and neuroendocrine carcinomas (Supplementary
Figure 9).

Taken together, our results provide evidence to
suggest that the histological entity of mucinous
carcinoma comprises two distinct molecular enti-
ties, mucinous A and mucinous B cancers, and that
mucinous B and neuroendocrine carcinomas are
strikingly similar at the transcriptomic level.

Discussion

Here, we show that by microarray-based gene
expression analysis the histological special types
mucinous and neuroendocrine carcinomas of the
breast are entities distinct from histological grade-
and molecular subtype-matched invasive ductal
carcinomas of no special type, and that different
molecular pathways are activated in these tumours.
Furthermore, our study shows that the histological
variants of mucinous carcinoma, mucinous A and
mucinous B, harbour significantly different gene
expression profiles, whereas mucinous B and
neuroendocrine carcinomas are strikingly similar
at the transcriptomic level.

Invasive ductal carcinomas were not tested for the
immunohistochemical expression of neuroendo-
crine markers. It should be noted, however, that
although 2–18% of consecutive breast cancers may
express at least focally neuroendocrine markers,1,12

in this study neuroendocrine carcinomas formed a
separate group by genome-wide transcriptional
analysis and harboured 337 genes at a false
discovery rate o0.85% differentially expressed
when compared with grade- and molecular sub-
type-matched invasive ductal carcinomas. One
could hypothesise that if the control group com-
prised only invasive ductal carcinomas devoid of
any expression of neuroendocrine markers, even
more pronounced differences would have been
identified.

The expression of genes having a role in the
extracellular matrix and connective tissue was
significantly decreased in mucinous A, mucinous
B and neuroendocrine cancers compared to grade-
and molecular subtype-matched invasive ductal
carcinomas. This is not surprising, given that the
stroma of pure mucinous carcinomas is predomi-
nantly composed of pools of mucin with scattered
stromal cells (ie fibroblasts, endothelial and inflam-
matory cells), and the stroma of neuroendocrine

carcinomas is scant, given that these tumours are
predominantly composed of solid masses or nests
and islands of cells with few intervening stromal
cells, as opposed to luminal types of invasive ductal
carcinomas.1,35 Another potential mechanism for
downregulation of extracellular matrix genes in
mucinous B cancers stems from the significant
downregulation of the Wnt/b-catenin canonical
signalling pathway. This pathway not only regulates
cell fate decisions, proliferation, morphology and
migration,36 but also extracellular matrix compo-
nents and cell adhesion.37 Our results suggest that
owing to the distinctive histological characteristics
of not only cancer cells but also stroma, mucinous
and neuroendocrine cancers may have distinct
interactions with the microenvironment or receive
distinct microenvironmental cues compared with
those of invasive ductal carcinomas.

Compared to grade-matched luminal cancers,
mucinous A and B, and neuroendocrine carcinomas
displayed higher levels of ESR1 expression, and
more overt characteristics of luminal differentiation
were observed in mucinous B and neuroendocrine
carcinomas. In fact, these tumours not only dis-
played significantly higher levels of ESR1 expres-
sion, the downstream target of ER-a activation BCL2,
the ER-pathway partners FOXA1, XBP1 and
ERBB4,38,39 but also significant upregulation of a
network of ER-regulated lipid metabolism genes and
the luminal cytokeratin KRT18 compared to grade-
and molecular subtype-matched invasive ductal
carcinomas. Mucinous A, on the other hand, when
compared with mucinous B and neuroendocrine
carcinomas displayed decreased expression of
AKT1, FOXA1 and ERBB4. Furthermore, mucinous
A and B, and neuroendocrine cancers showed
significantly lower levels of ‘basal’ cytokeratins
KRT5 and KRT14 compared with grade- and mole-
cular subtype-matched invasive ductal carcinomas,
which is supported by earlier work showing that
CK5 and CK14 were rarely expressed in carcinomas
with neuroendocrine differentiation.40 Our results
provide evidence to suggest that there is a spectrum
of luminal differentiation even within luminal A
cancers, and that mucinous B and neuroendocrine
tumours may have a more overt luminal phenotype
and are more homogenous at the transcriptomic
level than grade- and molecular subtype-matched
invasive ductal carcinomas.

In mucinous A tumours, we observed upregula-
tion of ESR1 but also of members of FGF family
(eg, FGF10, FGF14, FGF18) compared to grade-
matched invasive ductal carcinomas of luminal A
phenotype, and an enrichment for genes of the ‘FGF-
Signalling’ canonical pathway. Single nucleotide
polymorphisms of FGFR2 have been shown repeat-
edly to be associated with increased risk of breast
cancer, especially in ER-positive disease.41–43 Given
that mucinous A cancers may have a consistent
activation of the FGF signalling pathway, our results
warrant further testing of FGF/ FGFR inhibitors in
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preclinical models of mucinous cancers. Ingenuity
Pathway Analysis further showed upregulation of
the canonical endoplasmic reticulum stress path-
way. The accumulation of misfolded/unfolded pro-
teins in the endoplasmic reticulum induced by
stimuli such as hypoxia or low pH has been shown
to induce a stress response (ie ‘unfolded protein
response’) and the activation of specific signalling
pathways, such as the mitogen-activated protein
kinases (MAPKs).44–46 Epithelial mucins secreted by
breast cancer cells of mucinous tumours have been
reported to be acidic,47,48 and we observed an
upregulation of heat shock protein genes and
MAP3K5 in mucinous A cancers compared to
grade-matched invasive ductal carcinomas of lumi-
nal A subtype. The transcriptional activation of
protein degradation and folding genes has been
described to serve as a mechanism in cancer cells in
hypoxic environments to re-establish homeostasis
and normal endoplasmic reticulum function and to
escape apoptosis induction.49 These endoplasmic
reticulum stress response genes are currently under
investigation as potential drug targets.49 Our results
provide a rationale for testing agents targeting
endoplasmic reticulum stress response genes in
preclinical models of mucinous A breast cancers.

We not only show here that mucinous and
neuroendocrine carcinomas of the breast are molecu-
larly distinct from histological grade- and molecular
subtype-matched invasive ductal carcinomas, but we
also provide several lines of evidence to propose that
mucinous A and mucinous B cancers as described by
Capella et al may be discrete at the transcriptomic
level,3 whereas mucinous B and neuroendocrine
carcinomas may represent a single ‘molecular entity’
or a spectrum of closely related molecular entities.
First, hierarchical clustering analysis revealed that
mucinous A tumours form a distinct cluster from
mucinous B and neuroendocrine cancers. Second,
using significance of microarray analysis, mucinous
A and mucinous B tumours showed differential
expression of ER-regulated genes (ie ERBB4, FOXA1)
and genes of the oestrogen-regulated lipid synthesis/
transport, which indicates a reduced ER-a pathway
activation in mucinous A vs mucinous B cancers.
Third, we observed a significant overlap in genes
differentially expressed between mucinous A vs
mucinous B tumours and mucinous A vs neuroendo-
crine tumours. And finally, significance of microarray
analysis revealed no transcriptomic differences be-
tween mucinous B and neuroendocrine carcinomas.

In the seminal study by Capella et al,3 a subgroup
of mucinous cancers (17%) displayed mixed fea-
tures of mucinous A and B cancers. Although we
have not encountered any of these tumours in this
study, one could speculate that some of these
tumours would harbour transcriptomic features of
mucinous B/neuroendocrine cancers, whereas
others would be more similar to mucinous A
tumours. Alternatively, the allocation of these
tumours to transcriptomic mucinous A or mucinous

B/neuroendocrine would potentially depend on the
percentage of each component in mucinous A/B
tumours. Finally, mucinous A/B cancers may con-
stitute yet another molecular subgroup. Further
transcriptomic analyses of mixed mucinous cancers
are warranted.

The overlapping histological features of mucinous
A and mucinous B as well as mucinous B and
neuroendocrine carcinomas are corroborated and
expanded by our transcriptomic findings. Although
we defined differences in gene expression between
mucinous A, mucinous B and neuroendocrine
cancers, these tumours were more similar to each
other than to invasive ductal carcinomas of the same
histological grade and molecular subtype, which
provides support to the contention that mucinous
and neuroendocrine carcinomas may constitute a
spectrum of differentiation. The transcriptional
homogeneity of the mucinous and neuroendocrine
cancers compared to invasive ductal carcinomas
together with the finding that mucinous cancers
have fewer genomic alterations than invasive ductal
carcinomas50 suggest that the study of special types
of breast cancer may be an effective way of reducing
the complexity of breast cancer and expedite the
identification of biological drivers and potential
therapeutic targets for subgroups of breast cancer
patients.2 Our transcriptome analysis of mucinous
A, mucinous B and neuroendocrine carcinomas
showed that not only basal-like breast cancers are
a heterogeneous group of tumours, but also that the
molecular subtype group of luminal A breast
cancers encompasses a diverse and heterogeneous
group of tumours in terms of gene expression,
prognosis,51 biology and morphology.
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