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Papillary carcinoma (PC) is a rare type of breast cancer, which comprises three histologic
subtypes: encapsulated PC (EPC), solid PC (SPC) and invasive PC (IPC). Microarray-based
gene expression and Affymetrix SNP 6.0 gene copy number profiling, and RNA-sequencing
revealed that PCs are luminal breast cancers that display transcriptomic profiles distinct
from those of grade- and estrogen receptor (ER)-matched invasive ductal carcinomas of
no special type (IDC-NSTs), and that the papillary histologic pattern is unlikely to be under-
pinned by a highly recurrent expressed fusion gene or a highly recurrent expressed muta-
tion. Despite displaying similar patterns of gene copy number alterations, significant
differences in the transcriptomic profiles of EPCs, SPCs and IPCs were found, and may ac-
count for their different histologic features.
© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.

1. Introduction

Breast cancer is a heterogeneous disease comprising

and clinical behaviors (Reis-Filho and Pusztai, 2011; Weigelt
and Reis-Filho, 2009). Invasive ductal carcinomas of no special
type (IDC-NST), the commonest histologic type of breast can-

numerous distinct entities with different biological features cer, have been shown to be heterogeneous at the

Abbreviations: PC, papillary carcinoma; EPC, encapsulated papillary carcinoma; SPC, solid papillary carcinoma; IPC, invasive papillary

carcinoma.
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transcriptomic and genomic levels, and can be classified into
several molecular subtypes (Cancer Genome Atlas, 2012;
Reis-Filho and Pusztai, 2011). The ‘intrinsic’ gene classification
is the most widely used molecular taxonomy for IDC-NSTs,
and classifies breast cancers into luminal A, luminal B,
HER2-enriched and basal-like subtypes (Parker et al., 2009;
Perou et al.,, 2000). These subtypes have been shown not
only to be associated with distinct clinical outcomes, but
also with different risk factors, clinicopathologic features
and repertoires of genetic aberrations (Cancer Genome Atlas,
2012; Parker et al., 2009; Reis-Filho and Pusztai, 2011).

The complexity and diversity of breast cancers have also
been documented at the histologic level (Weigelt et al,
2010c; Weigelt and Reis-Filho, 2009), however this information
has not been fully explored in molecular subtyping studies,
which have primarily focused on IDC-NSTs. Based on the
cytological and architectural features of invasive breast can-
cers, the World Health Organization (WHO) recognizes the ex-
istence of 21 special histologic subtypes in addition to IDC-
NSTs (Lakhani et al., 2012). Genomic and transcriptomic ana-
lyses of special histologic types of breast cancer conducted by
our group and others (Bertucci et al., 2008; Duprez et al., 2012;
Geyer et al, 2010; Gruel et al.,, 2010; Horlings et al., 2013;
Lacroix-Triki et al., 2010; Lopez-Garcia et al., 2010b; Marchio
et al.,, 2009, 2008; Vincent-Salomon et al., 2007; Weigelt et al.,
2009a, 2010b, 2008, 2009b; Wetterskog et al.,, 2012) have
demonstrated that tumors from each of the special histologic
types of breast cancer are more homogeneous amongst them-
selves than IDC-NSTs. In addition, some of the histologic spe-
cial types have been shown to be driven by recurrent fusion
genes resultant of chromosomal translocations. For example,
secretory carcinomas of the breast are characterized by the
t(12; 15) translocation, which results in the formation of the
ETV6-NTRK3 fusion gene (Tognon et al., 2002), and >90% of
adenoid cystic carcinomas of the breast display the t(6; 9)
translocation, which leads to the fusion of MYB with NFIB
(Persson et al., 2009; Wetterskog et al., 2012).

Papillary carcinoma (PC) is a rare (<1%) special histologic
type of breast cancer that often affects postmenopausal
women and has an overall favorable outcome (Grabowski
et al., 2008; Pal et al., 2010; Rakha et al., 2011; Solorzano
et al., 2002; Weigelt et al., 2010a). PCs comprise a morphologi-
cally heterogeneous group of lesions, all of which share a
growth pattern characterized by the presence of arborescent
fibrovascular stalks lined by a layer of neoplastic epithelial
cells devoid of an intervening myoepithelial cell layer, a
feature that distinguishes them from benign intraductal pap-
illomas and papillary carcinomas in situ (Collins and Schnitt,
2008; Hill and Yeh, 2005; Pal et al.,, 2010; Weigelt et al,,
2010a). Papillary neoplasms of the breast include three histo-
logic subtypes, namely encapsulated papillary carcinoma
(EPC), solid papillary carcinoma (SPC) and invasive papillary
carcinoma (IPC). EPC is a well-circumscribed lesion where
the involved duct is surrounded by a thick fibrous capsule;
in EPCs, the neoplastic cells are arranged in papillary fronds
in the majority of cases, however areas with cribriform and/
or solid patterns are not uncommonly found (Lakhani et al,,
2012; Wynveen et al., 2011). SPC is also a well-circumscribed
lesion that is densely cellular and composed of expansile nod-
ules of epithelial cells, and IPC comprises papillary lesion with

neoplastic cells arranged in finger-like projections with clear
invasion into adjacent stroma. Although the classification of
EPCs and SPCs as invasive or in situ disease still remains a mat-
ter of controversy, these tumors have the potential to dissem-
inate to axillary lymph nodes and, albeit rarely, distant
metastatic deposits of PCs have been documented (Rakha
etal, 2011; Wynveen et al., 2011). Based on these observations,
ithas been proposed that EPCs and SPCs should be considered
forms of invasive breast cancer with excellent outcome
(Lakhani et al., 2012; Rakha et al.,, 2011; Wynveen et al., 2011).

Our group has previously demonstrated that PCs are pref-
erentially estrogen receptor (ER) and progesterone receptor
(PR) positive, lack HER2 gene amplification, and display rela-
tively simple genomes in terms of their repertoires of gene
copy number aberrations (Duprez et al.,, 2012). In addition,
the similarities in the gene copy number profiles of PCs and
grade- and ER-matched IDC-NSTs have led us to suggest that
PCs may be best positioned as part of the spectrum of ER-
positive IDC-NSTs, rather than a distinct entity (Duprez
et al., 2012). On the other hand, the transcriptomic character-
istics of PCs and whether these tumors would differ from IDC-
NSTs at the gene expression level remain to be determined.
Therefore, the primary aims of this study were i) to investigate
whether PCs would constitute a molecular entity distinct from
grade- and ER-matched IDC-NSTs at the transcriptomic level,
and ii) to define whether PCs would be driven by recurrent
fusion genes or pathognomonic mutations. In addition, we
carried out an exploratory, hypothesis-generating analysis to
investigate whether EPCs, SPCs and IPCs would display
distinct transcriptomic and genomic profiles.

2. Materials and methods
2.1. Samples

Nineteen PCs of the breast were retrieved from Institut Curie,
Paris, France (from 1995 to 2009). In this study, we included
PCs from patients diagnosed and managed in the above insti-
tution, whose tumors were <5 cm and who had no clinical
and/or radiological evidence of distant metastases. Exclusion
criteria were (a) patients with multiple tumors, either ipsi-
or contra-lateral, (b) patients who received neoadjuvant
chemotherapy, (c) patients for whom all histologic slides
and blocks were not available for review, (d) tumors not
consistent with the final diagnosis of EPC, SPC or IPC, and (e)
tumors whose frozen samples contained <50% of tumor cell
content. For sixteen cases, both DNA and RNA of sufficient
quality and quantity were available for microarray-based
gene expression and copy number profiling; for three cases
only RNA could be extracted due to limited frozen tissue avail-
ability (Supplementary Table S1). Samples were anonymized
prior to analysis and the study was approved by local research
ethics committees of the authors’ institutions. All cases were
independently reviewed by two pathologists (AV-S and JSR-F),
who subtyped the tumors into EPC, SPC and IPC following the
WHO criteria (Lakhani et al., 2012), and graded the tumors ac-
cording to the Nottingham grading system (Elston and Ellis,
1991). Histologic grade- and ER-matched IDC-NSTs, whose
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frozen samples contained >50% of tumor cells, were retrieved
from the files of Institut Curie, Paris, France. Sixteen IDC-NSTs
were matched 1:1 according to histologic grade and ER status
with the PCs included in this study (Table 1). For gene expres-
sion profiling analysis, power calculations employing the
approach described by Dobbin et al. (Dobbin et al., 2008)
revealed that 16 samples of PCs and IDC-NSTs would result
in the identification of genes significantly differentially
expressed between the groups with a tolerance = 0.10.

Eight cases of PCs (3 IPCs, 3 EPCs, 2 SPCs), from which suf-
ficient RNA of acceptable quality was available, were sub-
jected to paired-end massively parallel RNA-sequencing
(Supplementary Table S1), with the aim of identifying highly
recurrent fusion genes and pathognomonic mutations. Power
calculations, assuming that if PCs were driven by a recurrent
fusion gene in a way akin to secretory carcinomas (which har-
bor the ETV6-NTRK3 fusion gene in >95% of cases) (Tognon
et al., 2002) or adenoid cystic carcinomas of the breast (which
harbor the MYB-NFIB fusion gene in >90% of cases) (Persson
et al.,, 2009; Wetterskog et al., 2012), and that a ‘pathogno-
monic’ driver event (i.e. pathognomonic fusion gene or muta-
tion) would be present in at least >70% of cases (an estimate
thatis conservative)), revealed that based on a binomial distri-
bution, by sequencing 8 samples we would have been able to
identify a recurrent driver event (i.e. in two or more cases)
with >95% statistical power. Furthermore, a ‘pathognomonic’
driver event present in >50% of cases would be detectable
with >80% power if 8 samples were subjected to RNA-
sequencing.

2.2. Immunohistochemistry

Immunohistochemical profiles of the included cases of PCs
and grade- and ER-matched IDC-NSTs were assessed on
3 um thick sections, using antibodies against ER, PR and
HER?2 as previously described (Duprez et al.,, 2012). Positive

and negative controls were included in each experiment.
The results of immunohistochemical analyses were inter-
preted by two pathologists (AV-S and JSR-F). Antibody clones,
dilutions, antigen retrieval methods, scoring systems and cut-
offs used are described in Supplementary Table S2.

2.3. Nucleic acid extraction

DNA and RNA were extracted using the DNeasy Blood and Tis-
sue Kit (Qiagen, Hamburg, Germany) and Trizol (Invitrogen,
Life Technologies, Paisley, UK) respectively, according to the
manufacturers’ guidelines. DNA and RNA quantity and quality
were analyzed with the Qubit Fluorometer (Invitrogen) and
the Agilent Bioanalyzer (Agilent, Santa Clara, CA, USA). Only
samples with RNA integrity (RIN) >6 (Bioanalyzer, Agilent,
Santa Clara, CA, USA) were used for downstream analyses.

2.4. Copy number analysis

Gene copy number profiling was performed using the SNP
Array 6.0 platform (Affymetrix, Santa Clara, CA, USA) as per
manufacturer’s instructions. Raw data were analyzed using
the CRMAv2 algorithm in the aroma.affymetrix package
(Bengtsson et al., 2009) and ABSOLUTE (Carter et al., 2012). In
all cases, ABSOLUTE defined estimates of tumor cellularity
were >50% (median 71%, range 57%—93%). Log, ratios ob-
tained from CRMAv2 were then smoothed using the circular
binary segmentation (cbs) algorithm in the DNAcopy package
(Olshen et al., 2004) in R. cbs-smoothed Log, ratios were then
used in all subsequent analyses to define gains, losses and
amplifications. Homozygous deletions were defined as a cbs-
smoothed Log, ratio <—1 and using ABSOLUTE; only homozy-
gous deletions identified by both methods were considered
valid. Low-level gain was defined as a cbs-smoothed Log, ratio
of >0.15 and <0.5, and high-level gains/amplification were
defined as a Log, ratio >0.5. To identify statistically significant

Table 1 — Histologic grade and intrinsic molecular subtype of 16 papillary carcinomas and 16 grade- and ER-matched IDC-NSTs.

Papillary carcinomas

Invasive ductal carcinomas of no special type

Sample ID  Histologic  Histologic = ER-status = Molecular Sample ID Histologic ER-status Molecular
subtype grade subtype grade subtype

PAPI11 IPC 1 Positive Luminal A IDC13 1 Positive Luminal A
PAPI12 EPC 1 Positive Luminal A IDC14 1 Positive Luminal B
PAPI20 EPC 1 Positive Luminal A IDC16 1 Positive Luminal A
PAPI13 EPC 1 Positive Basal-like IDC17 1 Positive Luminal A
PAPI2 IPC 1 Positive Luminal A IDC19 1 Positive Luminal A
PAPI18 EPC 1 Positive Luminal A IDC20 1 Positive Luminal A
PAPI4 EPC 1 Positive Luminal A IDC7 1 Positive Luminal B
PAPI25 IPC 2 Positive Luminal A IDC2 2 Positive Luminal A
PAPI21 SPC 2 Positive Luminal B IDC21 2 Positive Luminal A
PAPI15 SPC 2 Positive Luminal B IDC3 2 Positive Luminal A
PAPI22 EPC 2 Positive Luminal A IDC4 2 Positive Luminal A
PAPI24 IPC 2 Positive Luminal A IDC5 2 Positive Luminal A
PAPI14 IPC 2 Positive Luminal B IDC8 2 Positive Luminal B
PAPI23 SPC 3 Positive Luminal B IDC10 3 Positive HER2

PAPI26 EPC 3 Positive Luminal A IDC11 3 Positive Luminal B
PAPI27 SPC 3 Positive Luminal B IDC9 3 Positive Luminal B

ER, estrogen receptor; IDC-NST, invasive ductal carcinoma of no special type.
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differences between the genomic profiles of the different sub-
types of PCs, we compared the copy number profiles of EPC,
SPC and IPC using categorical data and a multi-Fisher’s exact
test adjusted by the false discovery rate as previously
described (Duprez et al., 2012). Hierarchical clustering analysis
was performed with categorical states (i.e. gains, losses, high-
level gains/amplifications) using Euclidean distance and the
Ward’s algorithm.

2.5. Gene expression profiling

Gene expression profiling was performed with the HumanHT-
12 v4 Expression BeadChip Kit ([llumina Inc, San Diego, CA,
USA) as per manufacturer’s instructions. Raw data were
robust-spline normalized using the lumi package in R (Du
et al., 2008). Illumina transcript probes with detection p-val-
ue<0.01 in fewer than 20 samples of both PCs and IDC-NSTs
or without unambiguous mapping
excluded, resulting in a set of 17,296 probes for further
analysis.

For intrinsic subtyping using the PAMS50 classification
(Parker et al., 2009; Weigelt et al., 2010d), the gene expression
profiles of PCs and IDC-NSTs were normalized together with
997 breast cancers of the METABRIC discovery cohort, as
described by Curtis et al. (Curtis et al., 2012). Samples were
then assigned to one of the five subtypes using Spearman’s
rank correlation and the PAMS50 centroids curated for the Illu-
mina platform strictly as described by Curtis et al. (Curtis
et al., 2012) and following the University of North Carolina
(UNC) guidelines (https://genome.unc.edu/pubsup/breast-
GEO/Guide%20to%20Intrinsic%20Subtyping%209-6-10.pdf).

For unsupervised clustering analysis, we included only
probes with a median absolute deviation (MAD) >0.6 and
excluded replicate probes mapping to the same genes by keep-
ing only the probe with the greatest MAD, resulting in a set of
2310 probes for clustering. Gene expression values for the se-
ries of PCs and IDC-NSTs were median centered prior to clus-
tering. Hierarchical clustering was performed using the
Ward’s or the complete linkage algorithm with Pearson corre-
lation as the distance metric. The stability of the clusters was
estimated by performing 1000 iterations of bootstrapping us-
ing the R package pvclust (Suzuki and Shimodaira, 2006).

To determine the genes significantly differentially
expressed between PCs and IDC-NSTs, and between different
subtypes of PCs, we used the significance analysis of microar-
rays (SAM) software implemented in the samr R package. We
included probes with a MAD >0.3 and excluded replicate
probes as described above, resulting in a set of 11,108 probes
for SAM. Probes were median-centered prior to SAM analysis
and 1000 permutations were performed to estimate the false
discovery rate (FDR).

The raw and processed data are available on GEO
(GSE55640), and the R script and code are available in the
Supplementary materials.

information were

2.6. Integration of copy number and expression data

To identify genes whose expression levels correlate with copy
number changes, cbs-smoothed Log, ratios from SNP 6.0 data
were used to assign the SNP 6.0 states for each of the 17,296

probes in the gene expression dataset using the median
values for all probes that overlap with the genomic position
of each gene. This resulted in a 1:1 matrix of expression ratios
and SNP 6.0 cbs values, which were subsequently employed
for downstream statistical analysis.

To define genes that were up-regulated when gained or
amplified, and down-regulated when lost, we performed a
Mann—Whitney U test using categorical gene copy number
states (i.e. gain vs. no gain, loss vs. no loss or amplification
vs. no amplification) as the grouping variable and the expres-
sion of genes as the dependent variable. p-values were cor-
rected wusing Benjamini and Hochberg adjustment
(Benjamini and Hochberg, 1995) to minimize type I or alpha er-
rors, and adjusted p-values<0.05 were considered significant.

2.7. Pathway analysis

Significantly regulated pathways and networks in the gene
expression data were determined using the Ingenuity
Pathway Analysis (IPA) program (http://www.ingenuity.com)
and the Database for Annotation, Visualization and Integrated
Discovery (DAVID, http://david.abcc.ncifcrf.gov). For IPA anal-
ysis, the fold difference of transcripts differentially expressed
identified by SAM was mapped to networks available in the In-
genuity database and ranked by score. The score indicates the
likelihood of the genes in a network being found together due
to chance. Using a 99% confidence level, scores of >3 are
considered significant (Lopez-Garcia et al., 2010b).

2.8. Paired-end massively parallel RNA-sequencing and
fusion gene identification

Paired-end massively parallel RNA-sequencing (2x 54bp cy-
cles) was performed according to the standard Illumina
mRNA paired-end library protocol on a Genome Analyzer II
(llumina) as previously described (Natrajan et al., 2014).

Data were aligned to the genome using Bowtie 2 (Langmead
and Salzberg, 2012). Chimerascan and deFuse were used to
identify mate-pairs supporting novel chimeric transcripts as
previously described (Iyer et al., 2011; McPherson et al., 2011,
Natrajan et al., 2014). High-confidence chimeric transcripts
detected using both algorithms were considered as potential
candidates. Nominated in-frame fusion gene candidates iden-
tified by RNA-sequencing were prioritized for validation in the
index cases by RT-PCR. The split sequences (sequences
encompassing the breakage point/fusion junctions) were
used as reference to design primer sets for each fusion gene
pair (Supplementary Table S3). For this, 100 ng of total RNA
was reverse transcribed using Superscript III (Invitrogen) and
PCR was performed using the GoTaq® Green Master Mix Kit
(Promega, USA, Madison, WI, USA).

2.9. Quantitative reverse transcriptase-PCR (qQRT-PCR)

For each sample, triplicate reactions containing 100 ng RNA
were subjected to reverse transcription as described previ-
ously (Arriola et al., 2008) using Superscript III (Invitrogen).
gRT-PCR was performed for RET, IGFBP5, TMPRSS6, ERP27,
NFKBIZ and GBP3 (Assay on Demand IDs: Hs01120030_m1,
Hs00181213_m1, Hs00542184_m1, Hs00328370_m1,
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Hs00230071_m1, Hs00544385_m1, respectively; Applied Bio-
systems, Foster City, USA) using TagMan® chemistry on the
StepOnePlus™ Real-Time PCR System (Applied Biosystems),
based on the standard curve method (Weigelt et al., 2010b).
Target gene expression levels were normalized to the geomet-
ric mean of two reference genes (TFRC and MRPL1Y9;
Hs00174609_m1-TFRC, Hs00608522_gl1-MRPL19) (Natrajan
et al., 2012). All statistical comparisons were performed using
a Mann—Whitney U test (GraphPad Prism 6).

2.10.
data

Identification of mutations from RNA-sequencing

For the identification of mutations from RNA-sequencing
data, the reads were aligned using Bowtie 2 (Langmead and
Salzberg, 2012). PCR duplicates were removed using samtools
(Li et al., 2009). Local re-alignment and base quality re-
calibration were performed using the Genome Analysis Tool
Kit (GATK) (McKenna et al., 2010). Mutations were called using
the GATK Haplotype Caller (McKenna et al., 2010), where a
minimum of 5 variant reads, 10x total read depth, and a geno-
type quality (GQ) of 40 were required to call a mutation. To
remove germline polymorphisms and sequencer-specific arti-
facts, we filtered out mutation calls from 13 unrelated, normal
female RNA samples, whose RNA-sequencing results were
generated on the same sequencer using the same protocols.
Only single nucleotide variants (SNVs) or insertions and dele-
tions (indels) supported by at least 2 reads supporting the
reference alleles were included, as those devoid of a reference
allele were highly enriched for germline variations. Further,
we filtered out mutations catalogued in dbSNP as having
>1% global population frequency and all germline variants
identified in the 1000 Genomes Project. The functional effects
of missense mutations were predicted using Mutation
Assessor (Reva et al., 2011), CHASM (Carter et al., 2009),
FATHMM (Shihab et al, 2013) and Polyphen-2 (Adzhubei
et al., 2010)/Mutation Taster (Schwarz et al., 2010). A mutation
was considered potentially pathogenic if at least two predic-
tors classified it as pathogenic. MutationTaster and
Polyphen-2 were used in combination, given that these two al-
gorithms are underpinned by the same bioinformatic princi-
ples and their results, albeit not identical, are remarkably
similar. Genes recurrently mutated in PCs and likely to consti-
tute somatic mutations were validated at the genomic level
using Sanger sequencing. Briefly, 50 ng tumor DNA was ampli-
fied with specific primers (Supplementary Table S4) and
sequencing performed using the BigDye Terminator v 1.1 Kit
(Applied Biosystems), as previously described (Hernandez
et al., 2012).

3. Results

3.1. Papillary carcinomas are preferentially ER-positive,
luminal breast cancers

Histopathologic review of the 16 PCs subjected to SNP6 and
gene expression profiling revealed that 7 (44%), 6 (37%) and 3
(19%) cases were of histologic grades 1, 2 and 3, respectively,
and 4 (25%), 7 (44%) and 5 (31%) cases were of SPC, EPC, and

IPC subtype, respectively (Table 1). Immunohistochemical
analysis revealed that all PCs were ER-positive and lacked
HER2 expression in accord with our previous results (Duprez
et al,, 2012) (Table 1 and Supplementary Table S1); 81% of
PCs were ER-positive/PR-positive/HER2-negative and 19% of
cases were ER-positive/PR-negative/HER2-negative
(Supplementary Table S1). PAM50 subtyping classified 10
(63%), 5 (31%) and 1 (6%) PCs as of luminal A, luminal B and
basal-like subtypes, respectively. All but one EPC and all but
one IPC were classified as of luminal A subtype, whereas all
SPCs were classified as of luminal B (Table 1).

3.2 Papillary carcinomas display distinct transcriptomic
profiles but similar patterns of DNA copy number
alterations as compared to grade- and ER-matched IDC-
NSTs

Unsupervised hierarchical clustering of PCs and grade- and
ER-matched IDC-NSTs revealed that PCs preferentially clus-
tered together (two-tailed Fisher’s exact test, p-value = 0.002;
Figure 1), irrespective of the clustering algorithm employed.
These data suggest that although PCs and grade- and ER-
matched IDC-NSTs are similar at the gene copy number level
(Duprez et al., 2012), their global patterns of gene expression
are distinct.

SAM analysis further supported this observation, given
that 8.3% of the significantly regulated probes (795 unique
genes) were differentially expressed between PCs and histo-
logic grade- and ER-matched IDC-NSTs (FDR <10%), of which
780 unique genes were expressed at significantly lower levels
in PCs than in grade- and ER-matched IDC-NSTs
(Supplementary Table S5). IPA and DAVID gene ontology and
pathway analysis employing these 780 genes revealed a signif-
icant enrichment for genes involved in cellular growth and
proliferation (e.g. KIT, ALDH1A3, ELF4, CCND2 and MAP4K4,
right-tailed Fisher exact test p-value<0.0001, Figure 2A,
Supplementary Table S5). This is consistent with the observa-
tion that PCs are a form of ER-positive breast cancer with an
excellent outcome (Rakha et al., 2011), given that the expres-
sion levels of proliferation-related genes have been shown to
constitute one of the strongest predictors of outcome of ER-
positive breast cancers (Reis-Filho and Pusztai, 2011). Other
genes expressed at significantly lower levels in PCs than in
grade- and ER-matched IDC-NSTs included those involved in
cell assembly and organization (e.g. LAMB1, ACTN1 and
collagen genes such as COL1A2, COL6A1, COL8A1, COL12A1,
right-tailed Fisher exact test p-value<0.0001, Figure 2B) and
cellular movement and migration (e.g. MMP3, MMP7 and
THBS4, right-tailed Fisher exact test p-value<0.0001,
Figure 2C). Consistent with these observations, DAVID KEGG
pathway analysis revealed that the “cell adhesion molecules”
(CAMs) pathway was the most significantly enriched for genes
expressed at lower levels in PCs than in IDC-NSTs (data not
shown). By contrast, 15 genes involved in cellular homeostasis
(e.g. QSOX1) and angiogenesis (e.g. VEGFA, ESM1, SLC4A11 and
VCAM1) were expressed at significantly higher levels in PCs
than in grade- and ER-matched IDC-NSTs (Supplementary
Table S5).

We have previously demonstrated that the patterns of gene
copy number alterations found in PCs are relatively simple and
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Figure 1 — Unsupervised hierarchical clustering of gene expression data of 16 papillary carcinomas and 16 histologic grade- and ER-matched

invasive ductal carcinomas of no special type. A) Clustering was performed with 2310 probes using Ward’s algorithm and Pearson correlation as

distance metric. B) Clustering was performed with 2310 probes using complete-linkage algorithm and Pearson correlation as distance metric. IDC-

NST, invasive ductal carcinoma of no special type; PAMS50, intrinsic molecular subtype using the microarray version of the PAMS50 approach; PC,

papillary carcinoma.

similar to those found in IDC-NSTs of the same histologic
grade and ER-status (Duprez et al., 2012). Here, using a plat-
form with a higher resolution, we confirmed our previous ob-
servations that PCs displayed genomic features consistent
with those of low-grade, ER-positive IDC-NSTs (i.e. 169 losses,
16p gains and 1q gains; Figure 3 and Supplementary Figure S1).
After excluding regions mapping to known copy number poly-
morphisms (http://dgv.tcag.ca/dgv/app/home), we observed
recurrent amplifications in 11q13.3 (n = 2) and 8p11.23-p11.22
(n = 2) loci (Supplementary Figure S1 and Supplementary
Table S6). Consistent with our previous observations (Duprez
et al, 2012), HER2 and ESR1 gene amplification was not
observed in the PCs studied.

To define genes that are up-regulated and gained, or down-
regulated and lost in PCs, we performed an integrative tran-
scriptomic and genomic analysis. We identified 214 genes
that were significantly over-expressed when gained (Man-
n—Whitney U test, adjusted p-value<0.05), and these were
significantly enriched for cellular functions including
“Cellular Growth and Proliferation” (e.g. AGO2 and CAPN2,
right-tailed Fisher’s exact test p-value<0.01, IPA) and “Cell
Death and Survival” (e.g. LMNA, STK3 and PTK2; right-tailed
Fisher’s exact test p-value<0.01, IPA, and p-value<0.01, DA-
VID; Supplementary Table S7; Supplementary Figure S2A).
On the other hand, 275 genes were found to be significantly
down-regulated when lost (Mann—Whitney U test, adjusted
p-value<0.05). Functional annotation of these genes revealed

a significant enrichment for genes involved in “Cell cycle pro-
gression” (e.g. ASAH1 and BIRC2, right-tailed Fisher’s exact test
p-value<0.01, IPA) and “Cellular Death and Survival” (e.g. CDT1
and MAX, right-tailed Fisher exact test p-value<0.01, IPA;
Supplementary Table S7; Supplementary Figure S2B).

We further sought to identify potential amplicon drivers in
PCs on the basis that amplicons drivers are frequently overex-
pressed when amplified. We identified 182 genes expressed at
significantly higher levels when amplified in PCs (Man-
n—Whitney U test, p-value<0.05; Supplementary Table S8).
This list included genes mapping to the 8p11.2-p12 amplicon
(i.e. PROSC) and the 11q13 amplicon (i.e. CTTN and FADD),
which have been previously shown to be overexpressed
when amplified in IDC-NSTs (Adelaide et al., 2007; Chin
2006, 2007; Hu et al, 2009; Mackay et al., 2009;
Natrajan et al., 2009) (Supplementary Figure S3). In addition,
FADD and ADAM9 have also been shown to have significant
overexpression—amplification correlation in other histologic
special types of breast cancer (Horlings et al., 2013). When p-
values were corrected for multiple testing, however, only 16
genes were shown to be significantly overexpressed when
amplified, including RSF1, which plays a role in the RSF
chromatin-remodeling complex.

Taken together, our analyses demonstrate that the tran-
scriptomic profiles of PCs differ from those of grade-
matched ER-positive IDC-NSTs, with down-regulation of
proliferation-related, cell assembly and organization and

et al,
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Figure 2 — Ingenuity Pathway Analysis of 780 unique genes expressed at significantly lower levels in 16 papillary carcinomas than in 16 grade- and
ER-matched invasive ductal carcinomas of no special type. (A) Genes of the ‘Cellular Growth and Proliferation’ were down-regulated in PCs in
comparison with IDCs-NSTs. (B) Cell assembly and organization genes were down-regulated in PCs versus IDC-NSTs. (C) Genes involved in
cellular movement and migration were down-regulated in PCs compared with grade- and ER-matched IDC-NSTs. IDC-NST, invasive ductal

carcinoma of no special type; PC, papillary carcinoma.

cellular movement and migration genes, and overexpression
of genes related to homeostasis and angiogenesis.

3.3. Papillary carcinomas are not underpinned by a
highly recurrent fusion gene

To determine whether PCs of the breast are driven by a highly
recurrent fusion gene, we subjected 8 PCs to paired-end
massively parallel RNA-sequencing. Analysis using deFuse
and Chimerascan (Iyer et al., 2011; McPherson et al., 2011)
revealed a total of 1156 fusion transcripts (involving 999
unique gene combinations) and 396 fusion transcripts

(involving 339 unique gene combinations), respectively, of
which 33 unique gene combinations were identified by both
deFuse and Chimerascan (Supplementary Table S9).

We next sought to identify potential gain-of-function
fusion genes that may underpin PCs. In a way akin to the
oncogenic fusion genes identified in special histologic types
of breast cancer, leukemias, lymphomas and sarcomas, we
prioritized fusion transcripts that were identified by both algo-
rithms, involved open reading frames with known associated
functions, and that harbored intact functional domains. Using
the above criteria, we identified 14 in-frame fusion transcripts,
12 of which were successfully validated by RT-PCR (Figure 4,
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Figure 3 — Unsupervised hierarchical clustering of gene copy number
profiles of papillary carcinomas. Clustering was performed using
SNP6-derived categorical states (i.e. gains, losses and amplifications)
of 16 PCs, using Ward’s algorithm and Euclidean distance. Amp,
amplification; Del, homozygous deletion; EPC, encapsulated
papillary carcinoma; Gain, copy number gain; IPC, invasive papillary
carcinoma; Loss, copy number loss; NC, no copy number change; PC,

papillary carcinoma; SPC, solid papillary carcinoma.

Supplementary Figure S4; Supplementary Table S10). These
validated fusion transcripts did not map to regions harboring
amplifications and were only detected and validated in the in-
dex cases. Only one of these confirmed fusion transcripts,
MAPKAPK3-HEMK1, harbored intact functional domains
encoded by the first 4 exons of the protein kinase MAPKAPK3
and the last 7 exons of the methyltransferase HEMK1
(Figure 4D). In addition to the kinase domain, this chimeric
transcript has a conserved DNA methylase domain, which
has been reported to methylate the mitochondrial translation
release factor MTRF1L (Ishizawa et al., 2008). Taken together,
our results demonstrate that PCs are not underpinned by a
highly recurrent fusion gene, at variance with some other spe-
cial histological types of breast cancer.

3.4.  RNA-sequencing based mutational analysis

To assess the constellations of expressed mutations in PCs,
mutational analysis of the RNA-sequencing data was

performed. Given the challenges in the de novo identification
of mutations based on the analysis of RNA-sequencing data,
we have focused on the 35 significantly mutated genes in com-
mon types of breast cancers as reported by TCGA (Cancer
Genome Atlas, 2012). This analysis revealed that five of these
genes were mutated in PCs (PIK3CA, TP53, MAP3K1, AKT1, and
CTCF; Table 2). The PIK3CA (H1047R) mutation (case PAPI13)
and TP53 (R273H) mutation (case PAPI17) are known hotspot
mutations (Muller and Vousden, 2013; Samuels et al., 2004).
To identify further potentially pathogenic mutations, we
defined genes that were recurrently mutated in the 8 PCs
analyzed and predicted to be pathogenic using five mutation
function predictor algorithms (i.e. Mutation Assessor (Reva
et al,, 2011), CHASM (Carter et al., 2009), FATHMM (Shihab
et al,, 2013) and Polyphen-2 (Adzhubei et al., 2010)/Mutation
Taster (Schwarz et al., 2010)). After filtering out single nucleo-
tide variants and insertions and deletions present in dbSNP at
a >1% global population frequency, and all germline variants
identified in the 1000 Genomes Project, we identified 156 po-
tential somatic mutations (Supplementary Table S11). Out of
these, LAMA5 and MACF1 were found to be recurrently
mutated (i.e. in two samples each) in the PCs analyzed and
considered to be potentially pathogenic mutations by at least
two of the mutation function prediction algorithms employed
in this study. These mutations were validated in the index
cases by Sanger sequencing (Supplementary Figure S5). Muta-
tions affecting LAMAS and MACF1 were not restricted to papil-
lary carcinomas, however, as also 1.1% and 2.4% of the
common types of breast cancers in the TCGA cohort harbored
a mutation in these genes, respectively (Gao et al., 2013)
(www.cBioPortal.org, accessed March 8th 2014; Table 2). This
analysis suggests that the papillary phenotype is not under-
pinned by a highly recurrent expressed mutation (i.e. present
in >50% of samples) affecting a gene expressed in PCs.

3.5. Transcriptomic and genomic analysis of papillary
carcinoma histologic subtypes

We next carried out a hypothesis-generating, comparative
exploratory analysis of the transcriptomic profiles of PC sub-
types to ascertain whether histologic subtypes of PCs (i.e.
EPC, SPC and IPC) would have distinctive transcriptomic pro-
files. Unsupervised hierarchical clustering demonstrated
that EPCs preferentially clustered together (Fisher’s exact
test, p = 0.0406, Figure 5A), irrespective of the clustering algo-
rithm employed (Figure 5B). It should be noted, however, that
all EPCs were of histologic grade 1, and a significant enrich-
ment for tumors of histologic grade 1 (Fisher’s exact test,
p = 0.04) was also observed in the cluster enriched for EPCs.
SAM analysis using 11,108 probes revealed that less than
0.2% of genes were differentially expressed between EPCs
and SPCs/IPCs (FDR <10%; Supplementary Table S12). Func-
tional annotation of these genes with both DAVID and IPA
revealed that several genes involved in cell migration, such
as PLAT and CTSF, were down-regulated in EPCs in compar-
ison with SPCs and IPCs. This finding is in line with a less
invasive phenotype observed in EPCs. Furthermore a com-
parison between SPCs and EPCs suggested that, consistent
with the reported neuroendocrine phenotype of SPCs, genes
related to neuroendocrine differentiation in human cancers,
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including RET, ASCL1 and DOK7, were expressed at signifi-
cantly higher levels in SPCs than in EPCs (Mann—Whitney
U test p-value<0.01, Supplementary Table S13). Consistent
with these findings, immunohistochemical analysis revealed
that three out of four SPCs displayed expression of synapto-
physin, whereas only one out of seven EPCs focally displayed
synaptophysin expression (p = 0.0878, Fisher’s exact test;
Supplementary Figure S6). Probably due to the small sample
size of the groups analyzed, no differentially expressed

genes were identified in the other comparisons performed
between the different histologic subtypes of PC (data not
shown).

To validate the findings obtained by microarray-based
gene expression profiling, the expression of genes identified
to be significantly differentially expressed between PC histo-
logic subtypes (i.e. RET, IGFBP5, TMPRSS6, ERP27, NFKBIZ and
GBP3) was assessed using gRT-PCR in the 16 PCs included in
this study. This analysis confirmed that ERP27, NFKBIZ, GBP3
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Table 2 — Significantly mutated genes in The Cancer Genome Atlas (TCGA) breast cancer dataset found to be mutated in the papillary

carcinomas of the breast subjected to RNA-sequencing.

Gene PAPI13  PAPI14 PAPI15 PAPI16  PAPI18 PAPI17 PAPI19 PAPI20 TCGA cases Luminal A/B

(EPC) (IPC) (SPC) (IPC) (EPC) (IPC) (SPC)  (EPQ) (n=507)#  TCGA cases
(n=321)#
PIK3CA H1047R 35.1% 42.7%
TP53 R273H 36.9% 18.7%
MAP3K1 K814R 7.7% 11.2%
AKT1 L52H 2.4% 3.4%
CTCF Q33" L482P 2.6% 3.1%
LAMAS G3685R A907T 1.4% 0.9%
MACF1 G5679D R3956W 2.2% 1.6%

Of the 35 significantly mutated genes reported in the TCGA breast cancer dataset (Cancer Genome Atlas, 2012), 5 were also targeted by mutations
in 5/8 PC cases analyzed here. In addition, LAMAS5 and MACF1 were identified to be recurrently mutated in the PCs studied (bottom two rows).
The last two columns show the frequency of the gene mutations in the TCGA cohort. # data from www.cBioPortal.org, accessed March 8th 2014.

and IGFBP5 were expressed at significantly higher levels in copy number losses, gains and amplifications (Figures 3
EPCs than in SPCs and IPCs (Supplementary Figure S7; Man- and 6), consistent with our previous observations (Duprez
n—Whitney U test p-values, 0.0002, 0.0008, 0.0035 and 0.0003, et al,, 2012).

respectively), and that RET and TMPRSS6 were expressed at Taken together, although the distinct histologic subtypes

significantly higher levels in SPCs than in EPCs and IPCs of PCs display rather similar patterns of gene copy number al-
(Supplementary Figure S7; Mann—Whitney U test p-values: terations, EPCs differ from other PC subtypes in regards to the
0.0059 and 0.02, respectively). expression of genes related to cell migration, whereas SPCs

Genomic analysis of EPCs, SPCs and IPCs revealed that display transcriptomic features consistent with neuroendo-
these histologic subtypes of PCs have similar patterns of crine differentiation.
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Figure 5 — Unsupervised hierarchical clustering of gene expression data of histologic subtypes of papillary carcinomas. A) Clustering was
performed on 2310 probes using Ward’s algorithm and Pearson correlation as distance metric. B) Clustering was performed on 2310 probes using
complete linkage algorithm and Pearson correlation as distance metric. EPC, encapsulated papillary carcinoma; IPC, invasive papillary carcinoma;
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4. Discussion

Here we demonstrate that PCs of the breast are ER-positive,
HER2-negative breast cancers, that largely display a luminal
phenotype and gene copy number aberrations consistent
with those of low-grade ER-positive breast cancers (i.e., 16q
losses, 16p gains, and 1q gains) (Lopez-Garcia et al., 2010a).
Despite the genomic similarities between PCs and IDC-NSTs,
PCs were shown to have gene expression profiles distinct
from those of IDC-NSTs of the same histologic grade and ER-
status and to display lower levels of expression of
proliferation-related, cell assembly and organization and
cellular movement and migration genes. We have also
demonstrated that PCs, at variance with some other special
histologic types of breast cancer, are not underpinned by a
highly recurrent expressed fusion gene or highly recurrent
expressed mutation (i.e. present in >50% of samples). In addi-
tion, a hypothesis generating, exploratory analysis of the tran-
scriptomic profiles of subtypes of PCs revealed that EPCs
express a subset of genes involved in cell migration at signif-
icantly lower levels than SPCs and IPCs, and that SPCs display
transcriptomic and immunohistochemical features consis-
tent with those associated with neuroendocrine differentia-
tion in human cancers.

Previous genomic analyses of other special histologic
types of breast cancer have revealed that micropapillary
(Marchio et al., 2009, 2008; Natrajan et al., 2014), mucinous
(Horlings et al., 2013; Lacroix-Triki et al., 2010), and adenoid
cystic (Wetterskog et al., 2012) carcinomas display different
patterns of genomic alterations when compared to grade-
and ER-matched IDC-NSTs. Here we have confirmed, employ-
ing a platform with a higher resolution, our previous observa-
tions (Duprez et al., 2012) that although PCs harbor fewer

gene copy number alterations than IDC-NSTs of the same
histologic grade and ER-status, the patterns of gene copy
number aberrations found in PCs are similar to those
observed in IDC-NSTs. Despite the genomic similarities be-
tween PCs and IDC-NSTs, PCs expressed proliferation-
related genes, including CCND2, KIT and MAP4K4, at signifi-
cantly lower levels than grade- and ER-matched IDC-NSTs.
Given that the number and complexity of gene copy number
aberrations (Ciriello et al., 2013; Reyal et al., 2012; Vincent-
Salomon et al, 2013) and the levels of expression of
proliferation-related genes are prognostic in ER-positive
luminal cancers (Reis-Filho and Pusztai, 2011), our findings
may provide a biological rationale for the more indolent clin-
ical behavior of PCs.

Functional annotation of the genes expressed at signifi-
cantly lower levels in PCs also revealed an enrichment for
pathways and networks related to cell adhesion and cellular
movement and migration, including several laminins, integ-
rins, collagens and matrix metalloproteinases. The genes
found to be differentially expressed in this study may also
partially explain the differences in clinical behavior (i.e. indo-
lent behavior, favorable prognosis and limited invasiveness)
between PCs and IDC-NSTs of similar histologic grade. In
particular, PCs displayed lower levels of expression of genes
related to cell adhesion, migration and movement, including
MMP2 and MMP7 and genes that are found in the basement
membrane (e.g. laminins, integrins, collagens). These find-
ings are in agreement with those reported by Rakha et al.
(Rakha et al., 2012) in that PCs display MMP2 and MMP7
expression levels lower than those found in IDC-NSTs
(Rakha et al., 2012), and that PCs, in particular EPCs, exhibit
an expression pattern of invasion-associated markers inter-
mediate between DCIS and IDC-NSTs (Rakha et al., 2012).
The transcriptomic analysis performed in this study has
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also revealed that PCs display higher levels of expression of
genes related to angiogenesis (e.g. VEGFA, ESM1 and
SLC4A11) than grade- and ER-matched IDC-NSTs. This obser-
vation is consistent with the notion that PCs are well-
vascularized lesions (Wagner et al., 2004) and that histologi-
cally these tumors are characterized by the presence of
neoplastic cells arranged in papillary fronds containing fibro-
vascular cores.

RNA-sequencing analysis of 8 PCs (3 EPCs, 2 SPCs, and 3
IPCs) revealed that PCs are neither underpinned by a highly
recurrent fusion gene or a highly recurrent mutation. Of the
35 significantly mutated genes present in the TCGA analysis
of breast cancers (Cancer Genome Atlas, 2012), five (PIK3CA,
TP53, MAP3K1, AKT1, CTCF) were also found to be mutated
in the PCs subjected to RNA-sequencing. Although potentially
pathogenic mutations in LAMA5 and MACF1 were found to be
recurrent in PCs, they were present in only two out of 8 PCs
tested, and could also be found in a subset of the common-
type breast cancers analyzed by the TCGA, suggesting that
PCs are unlikely to be driven by a highly recurrent mutation
in a way akin to lobular carcinomas of the breast, which har-
bor CDH1 gene mutations in >60% of cases (Cancer Genome
Atlas, 2012).

This study has several limitations. First, the small number
of cases subjected to gene expression profiling could have
resulted in a type II or B error in the class comparison anal-
ysis of the subtypes of PCs; therefore, this comparative anal-
ysis should be perceived as exploratory and hypothesis-
generating. Although only 8 PCs were subjected to RNA-
sequencing for the discovery of a highly recurrent expressed
fusion gene or mutation, a type II or B error is unlikely, given
that with 8 samples we should have been able to identify a
recurrent fusion gene at a prevalence similar to that of
ETV6-NTRK3 in secretory carcinomas (Tognon et al., 2002) or
MYB-NFIB in adenoid cystic carcinomas (Wetterskog et al.,
2012), or a recurrent mutation found at a prevalence similar
to FOXL2 mutations in granulosa cell tumors of the ovary
(Shah et al., 2009) with >95% statistical power. It should be
noted that if different subtypes of papillary carcinomas
would be driven by distinct fusion genes or mutations, we
would not be sufficiently powered to detect these events
with the eight cases (i.e. three IPCs, three EPCs and two
SPCs) subjected to massively parallel sequencing analysis in
this study. Given that RNA-sequencing was only performed
in the neoplastic tissues, only expressed mutations could
be identified and the de novo discovery of somatic mutations
was not trivial; however, our analysis revealed mutations in
PCs that have also been found in ER-positive luminal IDC-
NSTs (Cancer Genome Atlas, 2012). Finally, given the retro-
spective nature of this cohort of PCs, a detailed correlation
between the genomic or transcriptomic features of PCs iden-
tified in this study with the outcome of PC patients could not
be performed. In fact, given that PCs have an indolent clinical
course and rarely metastasize, future analyses investigating
the impact of the transcriptomic differences between PCs
and IDC-NSTs of the same histologic grade and ER-status
identified here on the outcome of breast cancer patients are
warranted.

Despite these limitations, our study confirms that PCs of
the breast preferentially display a luminal phenotype, have

relatively simple genomic profiles, and are unlikely to be
underpinned by a highly recurrent fusion gene or a pathogno-
monic expressed mutation. In addition, our findings offer in-
sights into the molecular basis of the relatively indolent
behavior and distinct morphological features of the three sub-
types of PCs. When compared to that of IDC-NSTs of the same
grade and histologic type, PCs express proliferation-related
genes at lower levels, features consistent with those of ER-
positive cancers with an indolent clinical behavior, and
display lower levels of expression of genes related to cell
adhesion, migration and movement, suggestive of a less inva-
sive phenotype.
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