Sabatier et al. Molecular Cancer 2014, 13:228
http://www.molecular-cancer.com/content/13/1/228

(. MOLECULAR
CANCER

~-b

RESEARCH Open Access

Claudin-low breast cancers: clinical, pathological,
molecular and prognostic characterization

Renaud Sabatier'*?, Pascal Finetti', Arnaud Guille', José Adelaide', Max Chaffanet', Patrice Viens??,

Daniel Birnbaum' and Francois Bertucci'**

Abstract

samples reported so far.

heterogeneity than in basal and luminal A subtypes.

Background: The lastly identified claudin-low (CL) subtype of breast cancer (BC) remains poorly described as
compared to the other molecular subtypes. We provide a comprehensive characterization of the largest series of CL

Methods: From a data set of 5447 invasive BC profiled using DNA microarrays, we identified 673 CL samples
(12,4%) that we describe comparatively to the other molecular subtypes at several levels: clinicopathological,
genomic, transcriptional, survival, and response to chemotherapy.

Results: CL samples display profiles different from other subtypes. For example, they differ from basal tumors
regarding the hormone receptor status, with a lower frequency of triple negative (TN) tumors (52% vs 76% for basal
cases). Like basal tumors, they show high genomic instability with many gains and losses. At the transcriptional
level, CL tumors are the most undifferentiated tumors along the mammary epithelial hierarchy. Compared to basal
tumors, they show enrichment for epithelial-to-mesenchymal transition markers, immune response genes, and
cancer stem cell-like features, and higher activity of estrogen receptor (ER), progesterone receptor (PR), EGFR, SRC
and TGFB pathways, but lower activity of MYC and PI3K pathways. The 5-year disease-free survival of CL cases
(67%) and the rate of pathological complete response (pCR) to primary chemotherapy (32%) are close to those
of poor-prognosis and good responder subtypes (basal and ERBB2-enriched). However, the prognostic features
of CL tumors are closer to those observed in the whole BC series and in the luminal A subtype, including
proliferation-related gene expression signatures (GES). Immunity-related GES valuable in basal breast cancers are
not significant in CL tumors. By contrast, the GES predictive for pCR in CL tumors resemble more to those of
basal and HER2-enriched tumors than to those of luminal A tumors.

Conclusions: Many differences exist between CL and the other subtypes, notably basal. An unexpected finding
concerns the relatively high numbers of ER-positive and non-TN tumors within CL subtype, suggesting a larger
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Background

Breast cancer (BC) is a heterogeneous disease with several
classification systems [1]. Molecular classification, based
on gene expression profiling, has been a major im-
provement of BC approach for a decade [2,3], with the
description of five major subtypes associated with different
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molecular alterations and distinct clinical outcome
including therapeutic response: luminal A, luminal B,
ERBB2-enriched, basal and normal-like [2,4].

Following this discovery, additional subgroups of BC
were identified such as the interferon-enriched [5] and the
molecular apocrine [6] subgroups and several subgroups
of triple-negative BCs [7]. In 2007, a new intrinsic subtype
was described, the claudin-low subtype (CL), through the
combined analysis of murine mammary carcinoma models
and human BCs [8]. This subtype represented 6% of the
BC samples analyzed (13/232). Surprisingly, since then,
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only one study focused on the phenotypic and molecular
characterization of CL BCs in a series of 76 and 32 cases,
respectively [9]. CL tumors lacked tight junction proteins
including claudin 3 and E-cadherin, and were character-
ized by a low expression of luminal markers and a high
expression of mesenchymal markers. Enriched in gene
expression signatures (GES) derived from human tumor-
initiating cells (TICs) and mammary stem cells [8], CL
tumors displayed the least differentiated phenotype along
the mammary epithelial differentiation hierarchy [9] and
were frequent in the residual mammary tumor tissue after
either hormone therapy or chemotherapy [10]. Today,
with less than 90 samples characterized, the CL subtype is
the least characterized subtype in the literature.

We analyzed more than 30 data sets containing almost
5500 clinically annotated BCs profiled using whole-genome
DNA microarrays and identified 673 CL samples. We
provide here a comprehensive characterization of CL
BCs at multiple levels: clinicopathological, genomic (DNA
copy number and mutations), transcriptional, survival,
response to chemotherapy, and analysis of prognostic and
predictive parameters.

Methods

Selection of the patients

We collected 32 retrospective data sets of BC samples
profiled using oligonucleotide microarrays (Additional
file 1: Table S1), including our own set (IPC set) and 31
public sets [3,6,9,11-39]. Regarding our own set, each
patient had given written informed consent and the
study had been approved by our institutional ethics
committee. Gene expression and clinicopathological data
of public series were retrieved from NCBI GEO and
Array Express databases and authors’ websites. The 32
data sets included a total of 5447 pre-treatment samples
of invasive adenocarcinoma.

Gene expression data pre-processing
Before analysis, we mapped hybridization probes across
the two technological oligonucleotide-based platforms
(Agilent and Affymetrix) used in these series. Affymetrix
gene chips annotations were updated using NetAffx Anno-
tation files (www.affymetrix.com; release from 01/12/2008).
Agilent gene chips annotations were retrieved and updated
using both SOURCE (http://smd.stanford.edu/cgi-bin/
source/sourceSearch) and EntrezGene (Homo sapiens
gene information db, release from 09/12/2008, http://
www.ncbi.nlm.nih.gov/gene/). All probes were thus
mapped based on their EntrezGenelD. When multiple
probes were mapped to the same GenelD, the one with
the highest variance in a particular dataset was selected
to represent the GenelD.

Data sets were then processed separately as follows. For
the Agilent-based sets, we applied quantile normalization
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to available processed data. For the Affymetrix-based data
sets, we used Robust Multichip Average (RMA) [40] with
the non-parametric quantile algorithm as normalization
parameter. RMA was applied to the raw data from the
other series and the IPC series. Quantile normalization or
RMA was done in R using Bioconductor and associated
packages.

Gene expression data analysis
To avoid biases related to immunohistochemistry (IHC)
analyses across different institutions and to increase the
amount of available data, estrogen receptor (ER), proges-
terone receptor (PR) and ERBB2 expression analyses
were done at the mRNA level using gene expression data
of their respective gene, ESRI, PGR and ERBB2. Because
ESR1, PGR and ERBB2 expression profiles had bimodal
distribution, we identified a threshold of positivity, com-
mon to all sets, for each of these genes. Cases with gene
expression higher than this threshold were classified as
positive; the others were classified as negative [7].
Within each data set separately, the molecular subtypes
related to the intrinsic BC classification were determined
using the PAM50 classifier [41]. We first identified the
genes common between the 50-gene classifier and each
expression data set. Next, we used the expression centroid
of each subtype as defined by Parker and colleagues [41]
and measured the correlation of each sample with each
centroid. The sample was attributed the subtype corre-
sponding to the nearest centroid. To be comparable across
data sets and to exclude biases resulting from population
heterogeneity, expression data were standardized within
each data set. To identify CL samples, we used the
method described by Prat and colleagues [9]. Briefly, we
used the 808 genes from the nine-cell line CL predictor
to define the previously described “CL centroid” and
“non-CL centroid”, then calculated the Euclidean dis-
tance between each sample and each centroid, and
assigned the class of the nearest centroid. For non-CL
cases, we kept the subtype defined by the PAM50 classi-
fier. To compare the molecular characteristics of CL
BCs to those of the other subtypes, we used metagenes
and gene signatures associated with different biological
processes and pathways. We compared their expression
in CL tumors to that in the five other molecular subtypes.
We first developed, using an unsupervised approach, two
metagenes associated with the luminal and proliferation
patterns. They were established from the luminal and pro-
liferation gene clusters identified in the whole-genome
hierarchical clustering of 353 IPC samples: genes belong-
ing to these clusters had a correlation rate above 0.75 and
the two metagenes corresponded to the mean expression
of all genes included in each cluster. We also studied
metagenes associated with different immune popula-
tions [42]. Epithelial-to-mesenchymal transition (EMT)
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was analyzed with a core-EMT GES [43] from which we
developed a core-EMT metagene defined as the Taube’s
Up/Down metagenes ratio. We also focused on previously
published GES of pathway activity [44]. Finally, because
CL BCs were described as having stem cell features, we
applied a differentiation predictor [9] derived from the
gene expression profiles of three mammary cell popu-
lations: mammary stem cells, luminal progenitors and
mature luminal cells [10,45]

We also tested the prognostic value of previously re-
ported classifiers associated with survival in BC: the
70-gene GES [11], the Genomic Grade Index (GGI)
[14], the Recurrence Score (RS) [46], the Risk of Relapse
(ROR) score [41], and the stroma-derived GES (B-cell
cluster) [47]. We also looked at the prognostic value of
signatures identified in ER-negative, triple negative or
basal BCs: the kinase immune metagene [48], the LCK
metagene [49], the immune response metagene [50]. Out
of these 8 prognosis signatures, 4 are rather related to cell
proliferation [11,14,41,46] and 4 to immunity [47-50]. Fi-
nally, we tested the predictive value of 4 multigene signa-
tures associated with pathological complete response
(pCR) after primary chemotherapy in BC: Diagonal
Linear Discriminant Analysis—30 predictor (DLDA30)
[18], A-score [21], stromal metagene [51], and RB-loss
signature [52].

Array-comparative genomic hybridization

We compared the genomic profile of CL tumors with
that of the other molecular subtypes by analyzing our
array-comparative genomic hybridization (aCGH) data-
base containing 256 BCs [53]. Data had been generated
by array-comparative genomic hybridization (aCGH)
using 244 K CGH Microarrays (Hu-244A, Agilent Tech-
nologies). Data analysis was done as previously described
[53]. Extraction of data (log2 ratio) was done from CGH
Analytics, whereas normalized and filtered log2 ratio was
obtained from “Feature Extraction” software (Agilent
Technologies). Frequencies of copy number alterations
of CL tumors were compared to that of all other breast
tumors using Fisher’s exact test with a 5% level of
significance. To identify chromosomal regions with a
statistically high frequency of copy number alterations
(CNAs), we used the GISTIC algorithm [54]. The
altered genes were compared to those described in CL
cases from a mouse model of P53null tumors [55]. We
also determined the genomic patterns of tumors using
Hicks’ classification [56].

Statistical analysis

Correlations between sample groups and clinicopathologi-
cal features were calculated with the Fisher’s exact test or
the Student’s ¢-test when appropriate. Disease-free survival
(DFS) was calculated from the date of diagnosis to the
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date of first event (loco-regional or metastatic relapse,
death), and follow-up was measured to the date of last
news for event-free patients. Breast cancer patients with
metastasis at diagnosis were excluded from DFS analysis.
Survival curves were obtained using the Kaplan-Meier
method and compared with the log-rank test. Prognostic
analyses used the Cox regression method. Univariate
analyses tested classical clinicopathological features:
age, pathological tumor size (pT <20 mm vs >20), axillary
lymph node involvement (pN positive vs negative), SBR
grade (1 vs 2-3), ESR1, PGR and ERBB2 status (negative
versus positive), triple-negative status (yes versus no), and
pathological subtype. We also analyzed the pathological
response after neoadjuvant treatment which was available
in 6 public sets [18,19,23,25,34,39]. All statistical tests
were two-sided at the 5% level of significance. Analyses
were done using the survival package (version 2.30), in the
R software (version 2.15.2). Our analysis adhered to the
REporting recommendations for tumor MARKer prog-
nostic studies (REMARK) [57]. A Sweave report describ-
ing the analysis of gene expression data and the associated
statistical analysis has been generated and is available as
Additional file 2.

Results

Molecular subtypes

We collected public gene expression and clinicopatho-
logical data of a total of 5447 distinct invasive breast
carcinomas. We determined the molecular subtype of
tumors in each data set separately by using the PAM50
classifier [41] and the claudin-low predictor [9]: 1494
samples were luminal A (27.4%), 1077 (19.8%) were lu-
minal B, 749 (13.8%) were ERBB2-enriched, 1003 (18.4%)
were basal, 451 (8.2%) normal-like, and 673 (12.4%) were
CL. Seventy-eight percent of CL cases identified were ini-
tially attributed by the PAM50 classifier to the basal (53%)
and normal-like (25%) subtypes. Only 11% were luminal
A, 7% ERBB2-enriched and 4% luminal B.

For validation of the claudin-low predictor that we
applied, we compared our findings with those described
by Prat and colleagues in three data sets common with
ours [9,11,18] and found 98.5% of concordant classifi-
cation (Cl vs non-CL) out of the 337 tested samples
(332 samples accurately classified), with a specificity of
our predictor equal to 100% (all 32 CL samples according
to our predictor were CL according to Prat’s predictor)
and a sensitivity equal to 86% (5 out of 305 non-CL
samples according to our predictor were CL according
to Prat’s predictor).

Clinicopathological characteristics

Results, both descriptive and comparative, are shown in
Table 1. Each variable was compared between the CL
subtype and each of the other subtypes. Forty-nine
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Table 1 Clinicopathological characteristics of invasive breast cancers according to the molecular subtypes
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Variables N Claudin-low  Luminal A Basal ERBB2-enriched Luminal B Normal-like
5447 673 1494 1003 749 1077 451

Age at diagnosis, years

<=50 1834 238(49%) 470(43%) 423(56%) 224(43%)* 328(46%)* 151(53%)*

>50 2005 247(51%) 622(57%) 331(44%) 291(57%) 380(54%) 134(47%)

Histological type

IDC 1181 140(78%) 263(76%) 224(88%) 201(89%) 255(89%) 98(84%)

ILC 72 8(4%) 34(10%) 4(2%) 4(2%) 12(4%) 10(9%)

MED 24 5(3%) 1(0%) 18(7%) 0(0%) 0(0%) 0(0%)

MIX 59 7(4%) 23(7%) 4(2%) 10(4%) 12(4%) 3(3%)

other 77 20(11%) 26(7%) 6(2%) 11(5%) 8(3%) 6(5%)

Histological grade

1 489 49(9%) 293(26%) 12(2%) 15(3%) 53(7%) 67(21%)

2 1579 180(35%) 605(54%) 104(14%) 170(32%) 367(47%) 153(48%)

3 1957 290(56%) 222(20%) 640(85%) 350(65%) 358(46%) 97(31%)

Pathological tumor size

pT1 928  106(38%) 343(46%) 130(29%) 89(27%) 163(34%) 97(50%)

pT2-3 1542 172(62%) 399(54%) 323(71%) 239(73%) 311(66%) 98(50%)

Pathological axillary lymph node status

negative 1907 180(54%) 550(61%) 379(65%) 232(51%)* 387(60%)* 179(59%)*

positive 1313 153(46%) 355(39%) 200(35%) 224(49%) 258(40%) 123(41%)

ESRT expression status

negative 1929 433(64%) 80(5%) 859(86%) 437(58%) 24(2%) 96(21%)

positive 3518 240(36%) 1414(95%) 144(14%) 312(42%) 1053(98%) 355(79%)

ESRT mRNA expression, median 5447 646 10.55 5.46 7.18 10.76 9.77

PGRexpression status

negative 2851 445(66%) 386(26%) 864(86%) 567(76%) 443(41%) 146(32%)

positive 2594 228(34%) 1108(74%) 139(14%) 181(24%) 634(59%) 304(68%)

PGR mRNA expression, median 5445 421 5.24 354 4.07 452 507

ERBB2 expression status

negative 4738  646(96%) 1407(94%)* 958(96%)* 320(43%) 1011(94%)* 396(88%)

positive 709 27(4%) 87(6%) 45(4%) 429(57%) 66(6%) 55(12%)

ERBB2 mRNA expression, median 5447 645 7.5 6.52 8.84 7.59 7.83

Triple-negative expression status

yes 1336 352(52%) 22(1%) 762(76%) 138(18%) 13(1%) 49(11%)

no 4110 321(48%) 1472(99%) 241(24%) 610(82%) 1064(99%) 402(89%)

Pathological complete response

pCR 302 73(32%) 21(7%) 104(33%)* 56(37%)* 40(18%) 8(14%)

RD 992 155(68%) 302(93%) 210(67%) 97(63%) 178(82%) 50(86%)

DFS event

no 2190 223(65%) 736(75%) 396(62%)* 222(52%) 395(60%)* 218(73%)*

yes 1165 120(35%) 246(25%) 245(38%) 205(48%) 268(40%) 81(27%)

5-year DFS [95C]] 3355 67% [0.62-0.73] 79% [0.77-0.83] 60% [0.56-0.64] 55% [0.5-0.6] 64% [0.6-0.68]  79% [0.75-0.84]

IDC: invasive ductal carcinoma; ILC: invasise lobular carcinoma; MED: medullary carcinoma; MIX: mixed; pCR: pathological complete response; RD: residual disease;

DFS: disease-free survival; OR: odd ratio; 95CI: 95% confidence interval.

*p-value < 0.05.



Sabatier et al. Molecular Cancer 2014, 13:228
http://www.molecular-cancer.com/content/13/1/228

percent of patients with CL tumor were 50-year old or
younger. Patients with CL tumor were younger than those
with luminal A, ERBB2-enriched or luminal B tumors,
and older than patients with basal tumors. Most CL cases
were ductal carcinomas (78%). Other histological types
included lobular carcinomas (4%), carcinomas of mixed
histology (4%), and medullary carcinoma (3%). As ex-
pected, most of the metaplastic carcinomas were CL (5
out of 7: 71%). Histological grade of CL tumors was often
high (grade 3: 56%) or intermediate (grade 2: 35%), with
grade 1 observed in only 9% of cases. Differences with
the other subtypes were very significant with the basal
subtype, which contained more grade 3 samples, and
with the luminal A subtype, which contained less grade
3, and significant but to a lesser extent with the three
other subtypes (intermediate between ERBB2-enriched
and luminal B subtypes).

Thirty-eight percent of CL tumors measured 2 ¢cm or
less (pT1), a percentage intermediate between that of
highly proliferative subtypes (basal, ERBB2-enriched, and
luminal B) and that of less proliferative ones (luminal A
and normal-like). Forty-six percent of CL samples pre-
sented pathological axillary lymph node involvement at
diagnosis. This ratio was significantly lower in basal
(35%) and luminal A (40%) samples. Most tumors (77%)
with lymph node involvement were larger than 2 cm.
However, the positive correlation between pT (pT1 vs
pT2-3) and the axillary lymph node status (negative vs
positive) was weaker in CL tumors (OR = 2.58) and basal
tumors (OR =2.20) than in luminal A (OR =3.60) or
normal-like (OR = 6.69) tumors.

Sixty-four percent and 66% of CL samples were classified
as negative for ESRI and PGR respectively. As expected,
differences were highly significant when compared with the
two luminal and the normal-like subtypes, which were
much more frequently positive for ESRI and PGR. A small
difference was observed with the ERBB2-enriched subtype.
More unexpected was the strong difference observed with
the basal subtype, which contained many more tumors
negative for ESR1 and PGR. Ninety-six percent of CL tu-
mors were negative for ERBB2, representing the highest
percentage among all subtypes. The difference was not
significant with the basal subtype, but significant with the
ERBB2-enriched and normal-like subtypes. Fifty-two
percent of CL tumors were triple negative (TN), sig-
nificantly less than basal tumors (76%) and more than
ERBB2-enriched samples (18%) and luminal A and B
samples (1% each). Twenty-seven percent of TN breast
cancers (TNBC) belonged to the CL subtype.

DNA copy number profiles

Most of the 28 CL samples profiled using aCGH displayed
several gains and losses suggesting a high genomic in-
stability. Because basal tumors are also known to be highly
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instable, we compared their genomic profile to those of
CL samples: no difference could be observed with many
gains and losses in both subtypes (Figure 1A). In the same
way, supervised analysis of CNAs between CL and non-
CL samples did not find any genomic region specifically
gained or lost in CL tumors. To identify the most gained
or lost regions, we used the GISTIC algorithm. Out of the
10 most gained regions we found 7p11.2 including EGFR,
17q12 (ERBB2), 17q21.32 (HOXB family), 4q13.3 (CXCL2,
3, 5 and 6), 11q13-q14 (PAKI) and 17q21.33 (MYST2,
PDK?2). Some of the most lost regions were 8p23-p12
(DOK?2, FGFR1), 4p16.3 (SPON2, FGFRL1), 17q21.2-q21.31
(STAT3) and 17p13.1-p12 (TP53, MAP2K4). Except TP53,
none of these genes were identified in aCGH analyses
performed on P53 null mice tumors [55].

Breast cancers can be classified in three classes accord-
ing to their genomic patterns [56]. Using this classifica-
tion, we observed 29%, 21% and 50% of simplex, firestorm
and sawtooth CL tumors, respectively. By comparing the
genomic patterns between molecular subtypes, we found
that CL samples displayed the smallest percentage of
firestorm profiles, the largest percentage of sawtooth
profiles, and a percentage of simplex profiles inter-
mediate between that of non-aggressive (luminal A and
normal-like) and aggressive (basal, ERBB2-enriched and lu-
minal B) subtypes. Based on these percentages, CL tumors
were different from ERBB2-enriched tumors (p = 4.45 E-04,
Fisher’s exact test) and luminal B tumors (p =1.34 E-03)
with more complex sawtooth tumors (Additional file 3:
Table S2), whereas they were not different from basal BCs
(p = 0.24; Figure 1B).

Transcriptional profiles

We compared the mRNA expression of different genes
and pathways in CL versus other subtypes. As expected,
CL tumors showed low expression of ESRI, PGR and
ERBB2 genes (Table 1) and low expression of associated
genes as demonstrated by the low expression of the lu-
minal metagene (Figure 2) and the ER, PR and ERBB2 ac-
tivation pathways signatures (Additional file 4: Figure S1).
Regarding these genes and signatures, significant dif-
ferences existed between CL and the other subtypes,
including the basal subtype. CL BCs also differed from
basal BCs in other aspects. Expression of the proliferation-
related metagene in CL tumors was lower than in basal
tumors, but higher than in luminal A and normal-like
tumors (Figure 2 and Additional file 5: Table S3). CL
tumors displayed lower expression of MYC, PI3K, and
[B-catenin activation pathways when compared to basal
cases, with activity levels close to those of luminal A
tumors for MYC and PI3K (Additional file 4: Figure S1).
By contrast, they showed higher expression than basal tu-
mors of EGFR, SRC, TGFf and STAT3 activation pathways.
We also analyzed the expression of immune response GES
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Figure 1 Comparative genomic analysis of claudin-low and basal breast cancers. A) Frequency plots of DNA copy number alterations in
claudin-low samples (N = 28) and basal samples (N =61). Frequencies (vertical axis, from 0 to 100%) are plotted as a function of chromosome
location (from Tpter on the left to 22qter on the right). Vertical lines indicate chromosome boundaries. Positive and negative values indicate
frequencies of tumors showing copy number increase and decrease, respectively, with gains (in red), ampilifications (dark red), losses (in green)
and deletions (dark green). Bottom: supervised analysis comparing the genomic profiles of CL versus basal cases. The difference was assessed
with the Fisher's exact test. The blue line indicates the limit of significance (p = 0.05). B) Genomic patterns of CL and basal tumors using Hicks'

classification [56]. The difference between the subtypes was assessed with the Pearson's Chi-squared test.

[42]. CL tumors overexpressed T-cells, B-cells and gran-
ulocytes metagenes as compared to the other subtypes
(Figure 2). They also highly expressed the IFNy activa-
tion pathway with similar level than that of basal cases
(Additional file 4: Figure S1).

We then focused on the expression of genes associated
with epithelial-to-mesenchymal transition (EMT). As
shown in Additional file 6: Figure S2, CL tumors dis-
played the lowest expression of genes coding for epi-
thelial cell-cell adhesion molecules (CDHI, claudin 3,
claudin 4, claudin 7 and occludin) and the highest ex-
pression of vimentin, SNAII and 2, TWIST1 and 2, and
ZEBI and 2, known to be transcriptional repressors of
CDH]1. This EMT pattern was confirmed using a GES
associated with EMT [43]: CL tumors had the highest
expression of the core-EMT metagene when compared
to the other subtypes (Figure 2).

Following the hypothesis that the molecular subtypes
are emerging at different stages of mammary cell differ-
entiation [45], we evaluated the differentiation degree of

CL tumors. Using a previously published differentiation
score [9], we observed that most of the CL cases (96%)
presented a score between those of mammary stem cells
and those of luminal progenitors (Figure 2). Only 4%
had a score close to those of mature luminal cells. This
pattern of differentiation was similar, although lightly
inferior, in basal tumors (92% between mammary stem
cells and luminal progenitors) and very different in the
other subtypes. Only 35% of ERBB2-enriched and nearly
15% of luminal samples had a low differentiation score
close the stem cell profile.

We then classified all samples according to a GES of
breast cancer stem cells (CD44*/CD24'°%-mammo-
spheres-forming cells) [10]. CL tumors were strongly
associated with the signature (Figure 2), suggesting enrich-
ment in stem cell features. Similarly, the expression of
gene markers of tumor-initiating cells (ALDHIA1, CD29,
INPP5D) was different between the CL subtype and the
other subtypes, including the basal subtype (data not
shown).
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Disease-free survival and prognostic features

Clinical outcome was available for 3682 out of 5447
patients with 5-year DFS rate equal to 67% (CI95, 66—69),
including 343 out of 673 with CL BC. In the CL subtype,
the median follow-up was 72 months for the 251 event-
free patients. A total of 130 patients (34%) displayed a
DES event. Similarly to the basal subtype (and differently
from the luminal A subtype), most of the relapses oc-
curred in the first three years (Figure 3A), with median
times to relapse of 19 months and 17 months for CL
and basal tumors, respectively. The 5-year DFS rate
was 67% (CI95, 62-73; N =343) in the CL subtype
(Figure 3B), intermediate between that observed in
ERBB2-enriched BC patients (55% 5-year DES, p=2.3
E-03, log-rank test; N =426) and luminal A BC patients
(79% 5-year DES, p = 6.7 E-07, log-rank test; N = 982) and
normal-like BC patients (79% 5-year DFS, p=4.7 E-04,
log-rank test; N = 299). The prognosis of CL cases was not
different from that of luminal B samples (64% 5-year DFS;
p =0.56, log-rank test; N =663), and was better although
not significantly different from that of basal tumors (60%
5-year DFS rate; p = 0.11, log-rank test; N = 641). Unfortu-
nately, the site of first metastatic relapse was not informed
in most of the cases studied.

We then performed prognostic analyses in the CL
subtype by assessing the prognostic impact of the usual
clinicopathological features. In univariate analysis, the
well-known unfavorable clinicopathological features
(pT > 2 cm, grade 2—3, pN-positive, low ESRI expression,
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Figure 3 DFS according to molecular subtypes. A) Frequencies of
relapses according to time from diagnosis between luminal A, basal and
CL breast cancers. B) Kaplan-Meier DFS curves in the 6 subtypes (p-value
for comparison between CL and basal tumors is shown, log-rank test).
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low PGR expression, and ERBB2 overexpression) were
associated with shorter DFS in patients with CL tumor
(Table 2). Comparison with the results observed in the
whole BC series and in each of the other subtype
(Additional file 7: Table S4) revealed that the prognostic
features were the same in the CL subtype and in the whole
series, totally different between the CL and the other pro-
liferative subtypes (basal, ERBB2-enriched and luminal B).
The largest similarity was observed with the luminal A
subtype.

We also compared the prognostic value of 8 prognostic
GES in the different subtypes (Table 2 and Additional
file 7: Table S4). Whereas 6 signatures (4 proliferation-
related and 2 immunity-related) showed prognostic value
in the whole series of samples, only two conserved their
prognostic value in CL tumors (Table 2): the RS (HR =3
when comparing high risk to low risk cases, p = 1.1 E-03)
and the ROR (HR = 1.85, p = 8.7E-04). There was a trend
for the B-cell cluster (HR = 1.6 when comparing poor
vs good-prognosis groups cases, p = 0.07). The 2 other

Table 2 Univariate Cox regression analysis for DFS

Page 8 of 14

proliferation-related signatures (70-gene GES and GGI)
and the 3 other immunity-related signatures (immune
response, LCK, and kinase immune metagenes) had no
prognostic value in the CL population. By contrast,
the results were very different in the other subtypes
(Additional file 7: Table S4). For example, most of the
immunity-related signatures were significant in the
basal and ERBB2-enriched subtypes, whereas none of
the proliferation-related classifiers had a prognostic
value in this population in contrast with the luminal A
subtype. Results were also different in the luminal B
subtype, where 3 proliferation-related and 2 immunity-
related signatures showed prognostic value. Altogether,
these results suggest that CL tumors have different prog-
nostic features than the other subtypes.

Pathological response to chemotherapy and predictive
features

Pathological response to neoadjuvant chemotherapy was
available for 1294 patients out of 5447 patients with a

A. Clinicopathological features Claudin-Low All samples
n HR [95Cl] p-value n HR [95Cl] p-value
Age at diagnosis, years >50 vs <50 237 09 [0.57-1.4] 0.636 2366 1.01 [0.87-1.16] 0923
Histological type ILC vs IDC 59 0.00 [0.00- Inf] 0.837 624 1.09 [0.71-1.67] 0.269
MED vs IDC 045 [0.06-3.35] 0.53 [0.20-1.42]
MIX vs IDC 0.00 [0.00- Inf] 0.44 [0.18-1.06]
other vs IDC 1.90 [044-8.10] 1.04 [0.57-1.92]
Histological grade 2-3vs 1 270 363 [1.32-9.92] 1.22E-02 2552 2.36 [1.86-3.01] 2.84E-12
Pathological tumor size pT2-3 vs pT1 155 2.33[1.27-4.26] 6.01E-03 1744 1.52 [1.29-1.8] 6.83E-07
Pathological axillary lymph node status positive vs negative 194 223 [1.34-3.72] 2.01E-03 2365 145 [1.26-1.68] 3.95E-07
ESRT expression status positive vs negative 343 0.38 [0.25-0.58] 5.02E-06 3355 0.56 [0.5-0.63] <2.0E-16
PGR expression status positive vs negative 343 0.56 [0.38-0.83] 3.86E-03 3353 0.7 [0.63-0.79] 2.24E-09
ERBB2 expression status positive vs negative 343 1.98 [0.92-4.26] 0.079 3355 14 [1.18-1.65] 7.22E-05
Triple-negative expression status yes vs no 343 2.19[1.51-3.18] 3.82E-05 3354 1.7 [149-1.94] 1.22E-15
B. Gene expression signatures
70-gene GES [11] Poor vs Good 343 1.22 [0.74-2.02] 0435 3355 1.83 [1.57-2.12] 3.00E-15
GGl [14] Poor vs Good 283 142 [092-2.2] 0.113 2655 2.1 [1.82-243] <2.0E-16
RS [46] Intermediary vs Good 343 2.73 [140-531] 1.09E-03 3355 1.63 [1.38-1.93] <2.0E-16
Poor vs Good 3.03 [1.68-5.46] 215 [1.87-247]
ROR [41] Intermediary vs Good 343 1.28 [0.69-2.36] 8.74E-03 3355 1.75 [1.45-2.10] <2.0E-16
Poor vs Good 1.85 [1.24-2.75] 211 [1.85-241]
Immune response metagene [50] Poor vs Good 343 1.17 [0.82-1.68] 0.387 3354 1.19 [1.06-1.34] 2.93E-03
LCK metagene [49] Poor vs Good 343 1.12 [0.78-1.6] 0.541 3355 1.1 [0.96-1.26] 0.152
Kinase immune metagene [48] Poor vs Good 343 1.14 [0.78-1.65] 0.507 3355 1.04 [0.88-1.24] 0615
B-cell cluster [47] Intermediary vs Good 343 1.15[0.74-1.79] 0.0692 3353 1.20 [1.04-1.38] 3.94E-05
Poor vs Good 1.64 [1.07-2.52] 1.38 [1.20-1.59]

IDC: invasive ductal carcinoma; ILC: invasise lobular carcinoma; MED: medullary carcinoma; MIX: mixed; HR: hazard ratio; 95CI: 95% confidence interval.

P-values < 0.05 are represented in boldface.
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pCR rate equal to 23%. Among the 228 CL samples with
data available, the pCR rate was 32% (Table 1), higher than
in luminal A (7%, p < E-04, Fisher’s exact test; N = 323), lu-
minal B (18%, p = 1.1 E-03; N =218), and normal-like tu-
mors (14%, p =54 E-03; N =58), and similar to the rate
observed in basal (33%, p =0.85; N =314) and ERBB2-
enriched cases (37%, p = 0.38; N = 153).

Analysis of predictive value of clinicopathological
features in CL tumors (Table 3) showed that pCR rates
tended to be higher in high grade tumors (p =0.06,
Fisher’s exact test) and in samples with low ESRI expres-
sion (p =0.07). By contrast (Additional file 8: Table S5),
ESR1 expression level did not tend to have predictive
value in the basal and ERBB2-enriched subtypes. We
also tested the predictive value of 4 GES published as
predictive of pathological response in breast cancer
treated by anthracycline-based chemotherapy. Only
two were associated with pCR in CL tumors: the
DLDA30 predictor (p=1.6 E-02, Fisher’s exact test),
and the A-score (p=3.2 E-03), which also predicted
pCR in the basal and ERBB2-enriched subtypes. By
contrast, the stromal metagene and the RB-loss signature
failed to predict pCR in CL tumors, whereas they pre-
dicted pCR in basal and ERBB2-enriched cancers, re-
spectively. Finally, 3 out of 4 signatures were associated
with pCR in the whole series of 1294 samples.

Discussion

We provide a comprehensive characterization of a series
of 673 CL BCs collected though a meta-analysis of
public gene expression data. This represents the largest
series reported so far in the literature, with nearly 9-fold
more samples than in the pioneering study [9]. We de-
fined the CL breast tumors using the published cell line-
based CL predictor [9], which in our hands gave a very
high degree of concordance (98.5%) with the predictor
originally reported in a common set of 337 samples,
suggesting that the CL subtype that we define here
overlaps the CL subtype originally described. The sub-
type of non-CL samples was defined using the classical
PAMS5O0 classifier [41]. Using these standard classifiers,
we observed the expected incidence of each subtype.
The incidence of CL tumors was 12.4%, similar to the 7
to 14% incidence reported by Prat and colleagues in 3
distinct small databases [9]. In our analysis, the PAMS50
classifier attributed most of the current CL tumors to the
basal and normal-like subtypes (53% and 25%, respect-
ively) as previously described [9]. The large number of
samples in each subtype provided an unprecedented op-
portunity to describe the characteristics of CL tumors and
to perform prognostic and predictive analyses specifically
in this subtype, comparatively with the other subtypes.
Also for the first time, we present genomic data of human
CL tumors.
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Only one published study [9] has described so far the
clinicopathological characteristics of CL samples, but in-
formation was relatively limited: pathological size, grade,
axillary lymph node status and IHC ER status were avail-
able for 76 cases, and PR and ERBB2 status for 55 cases.
Our percentages of CL tumors with pT2-T3 size (62%),
with pN- status (54%) and with grade 3 (56%) are close
to those reported by Prat (65%, 47% and 62% respect-
ively). Differences are more important and thus unex-
pected regarding the hormone receptors and ERBB2
status. In Prat’s study, 79%, 77% and 84% of CL samples
were IHC ER-negative (out of 71 informative samples
tested at the protein level with IHC), PR-negative (out of
40 informative samples) and ERBB2-negative (out of 45
informative samples) respectively, versus 64%, 66% and
96% in our transcriptional analysis, respectively (Figure 4).
Similarly, the percentage of IHC TN samples was 67% in
Prat’s study (out of 39 informative samples) versus 52% in
ours (out of 673 samples tested at the mRNA level with
DNA microarrays). These discordances may be due to
various reasons. The first one may be the difference of
technology used to define the ER, PR, ERBB2 and TN
status (IHC versus mRNA expression profile), even if
differences are known to be limited [58]. Thanks to the
simultaneous availability of IHC ER, PR and ERBB2
status for 2259 breast cancer samples of our pooled
series, including 294 CL samples, we could redefine the
TN status at the protein level as did Prat and colleagues.
We found results similar or very close to those observed
at the mRNA level in the whole series of 673 samples:
52% of CL samples were TN, 63% were ER-negative,
68% were PR-negative and 89% were ERBB2-negative,
versus 52% 64%, 66% and 96% respectively in our tran-
scriptional analysis. Of note, the results remained
exactly the same after exclusion of the Prat’s samples.
The second and likely main reason for discrepancy lies
in the large quantitative difference in series analyzed: we
defined the ER and TN status of CL samples in a series
of 673 samples, whereas Prat et al. defined the ER status
on three small series of 32 (UNC337), 21 samples
(NKI295) and 18 samples (MDACC), and the TN status
on two small series of 21 (UNC337) and 18 samples
(MDACC) with relative large variations across series
regarding the percentage of ER-negative cases (from
67 to 88%) and TN cases (from 61 to 71%). Prat and
colleagues did not compare statistically the clinicopatho-
logical features of the CL subtype with those of the other
subtypes, likely because of the series size limitation. In our
analysis, CL BCs displayed only one feature common with
basal tumors (ERBB2 status), whereas differences were
significant regarding all the other features: age at diagnosis
(less young patients in CL cases), pathological type (less
often ductal or medullary, but more often metaplastic in
CL), grade (less often grade 3 in CL), tumor size (less
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Table 3 Univariate Fisher’s exact test analysis for pathological complete response according to clinicopathological and
molecular features

A. Clinicopathological Claudin-low All samples

features N RD pCR p-value* ORI[95CI] N RD pCR p-value*  OR [95Cl]
Age at diagnosis, years 0.392 0.76 0.09 0.8

<50 123 80 (52%) 43 (59%) [041-1.37] 697 521 (53%) 176 (58%) [0.61-1.04]
>50 104 74 (48%) 30 (41%) 595 469 (47%) 126 (42%)

Pathological tumor size 1.00 0.93 0.859 1.1

pT1 5 3 (8%) 2 (9%) [0.1-11.96] 44 32 (14%) 12 (13%) [0.53-2.53]
pT2-3 55 34 (92%) 21 (91%) 279 196 (86%) 83 (87%)

Histological grade 0.06 Inf 1.68E-04 8.1

1 8 8 (6%) 0 (0%) [0.82-Inf] 53 51 (6%) 2 (1%) [2.11-69.38]
2-3 204 136 (94%) 68 (100%) 1126 854 (94%) 272 (99%)

Histological type 0.125 0.75

IDC 77 45(67%) 32 (84%) 468 337 (82%) 131 (85%)

ILC 5 3 (4%) 2 (5%) 15 10 (%) 5 (3%)

MIX 6 6 (9%) 0 (0%) 37 29 (7%) 8 (5%)

other 17 13 (19%) 4 (11%) 47 36 (9%) 11 (7%)

ESRT expression status 0.07 047 7.21E-18 03
negative 183 119 (77%) 64 (83%) [019-1.07] 697 470 (47%) 227 (75%) [0.22-04]
positive 45 36 (23%) 9 (12%) 597 522 (53%) 75 (25%)

PGRexpression status 042 0.64 4.24E-08 038
negative 195 130 (84%) 65 (89%) [024-157] 979 716 (72%) 263 (87%) [0.26-0.56]
positive 33 25 (16%) 8 (11%) 315 276 (28%) 39 (13%)

ERBB2 expression status 0472 1.7 5.90E-04 19
negative 219 150 (97%) 69 (95%) [033-834] 1125 881 (89%) 244 (81%) [1.31-2.7]
positive 9 5 (3%) 4 (5%) 169 111 (11%) 58 (19%)

Triple-negative expression status 0.285 14 8.16E-10 23

no 71 52(34%) 19 (26%) [0.74-283] 777 642 (65%) 135 (45%) [1.73-2.97]
yes 157 103 (66%) 54 (74%) 517 350 (35%) 167 (55%)

DLDA30 [18] 1.61E-02 049 7.53E-23 026
pCR-like 120 73 (47%) 47 (64%) [027-091] 439 264 (27%) 175 (58%) [0.2-0.35]
RD-like 108 82 (53%) 26 (36%) 855 728 (73%) 127 (42%)

Stromal metagene [51] 0.623 1.2 0.12 0.81
pCR-like 55 39(25%) 16 (22%) [0.59-2.5] 642 480 (48%) 162 (54%) [0.62-1.06]
RD-like 173 116 (75%) 57 (78%) 652 512 (52%) 140 (46%)

A-score [21] 3.15E-03 39 1.48E-04 2

RD-like 37 31 (32%) 6 (11%) [146-12.32] 258 196 (46%) 62 (30%) [1.36-2.85]
pCR_Like 118 67 (68%) 51 (89%) 378 233 (54%) 145 (70%)

RB-loss signature [52] 1.00 0.96 6.52-03 1.7

Low (RD-like) 212 144 (93%) 68 (93%) [0.25-3.15] 1150 895 (90%) 255 (84%) [1.14-2.51]
High (pCR-like) 16 11 (7%) 5 (7%) 144 97 (10%) 47 (16%)

*, Fisher's exact test.

IDC: invasive ductal carcinoma; ILC: invasise lobular carcinoma; MIX: mixed; pCR: pathological complete response; RD: residual disease; OR: odds ratio; 95CI: 95%
confidence interval.

P-values < 0.05 are represented in boldface.
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often pT2-3 in CL), lymph node status (more often posi-
tive in CL), ER and PR status (less often negative in CL),
and triple-negative status (less frequent in CL).

To our knowledge, the genomic profiles of CL tumors
have been reported only in two studies that described
the CNA patterns of a total of 5 CL murine p53-null
tumors [8,55]. Based on the analysis of 28 samples, we
showed that CL tumors have a high genomic instability
with many gains and losses, frequent complex sawtooth
patterns, and the smallest percentage of firestorm profiles.
This profile is close to what has been already published
concerning basal cases [53], and no significant difference
could be identified with basal tumors. It is of note that the
main regions we identified as gained or lost in CL samples
were not described in genomic analyses of previously pub-
lished murine models [55]. This suggests that, like for the
basal subtype, CL tumorigenesis may be driven by several
oncogenic events, and not by a single driver as it can be
observed in ERBB2-enriched tumors [59].

At the transcriptional level, we found that the CL
subtype differs from the other subtypes in many aspects
(Figure 4). We confirmed that CL tumors lack luminal
differentiation markers, and show enrichment for EMT
markers, immune response genes, and cancer stem
cell-like features. They also have a relative low expres-
sion of the P53 pathway suggesting apoptosis inhib-
ition. They differ from basal BC at several levels. Both
have lower expression of ESRI, PGR, ERBB2 genes and
ER, PR and ERBB2 activation pathways than the other
subtypes, but the expression of ER and PR genes and
pathways is higher in CL tumors than in basal tumors.
CL BCs are also less proliferative than basal cancers. They
overexpress genes associated with immune response and

stroma and have higher expression of EMT-related genes
and signatures, thus confirming previous results. We also
confirmed that CL tumors are the most undifferentiated
ones at the molecular level along the normal mammary
epithelial differentiation hierarchy (differentiation score
close the stem cell profile) and are the most enriched in
stem cell features, followed by basal tumors. CL and basal
tumors are also distinguished by the expression of several
pathway activation signatures; for examples, basal cancers
displayed higher activity of MYC and PI3K pathways as
already reported [60,61], whereas CL tumors showed
higher activity of EGFR, SRC and TGEP pathways as
reported by others [7] with therapeutic possibilities.
Regarding prognosis, the DFS, available for 343 patients
with CL BC, was poor with 67% 5-year DFS, close to that
reported by Prat and colleagues in their 58-patients series
[9]. Compared with the other subtypes, the 5-year DFS
was inferior to that observed in the two good-prognosis
subtypes (luminal A and normal-like), similar to that ob-
served in the luminal B subtype, and tended to be better
than that observed in the two other poor-prognosis sub-
types (basal and ERBB2-enriched), even if the difference
(7%) with basal tumors was not significant. The earlier
timing of relapse compared with the luminal A subtype,
similarly to that observed in the basal subtype, agreed with
the proliferative nature of CL tumors. It is now recognized
that the prognostic features are somewhat different be-
tween the different subtypes [62,63]. This has never
been explored to date in CL BCs. Most of the clinico-
pathological prognostic variables tested in CL samples
were significant (pT, grade, pN, ESRI and PGR expres-
sion), as observed in the whole series and the luminal A
subtype. Unexpectedly, in term of prognostic features, the
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subtype most different from CL was the basal subtype,
and the most similar was the luminal A subtype, the less
proliferative one. We also analyzed the prognostic value of
8 published signatures, 4 related to cell proliferation,
known to be strongly prognostic in ER-positive samples,
and 4 to immunity, known to be strongly prognostic in
ER-negative samples. Similarly to the results observed
with the clinicopathological variables, proliferation-related
classifiers useful to predict luminal A tumors prognosis
had (or tended to have) a prognostic value in CL samples,
whereas immunity-related GES, described to be relevant
in basal and HER2-enriched BCs, did not.

The profile of chemosensitivity of CL tumors was
assessed in 228 cases. The pCR rate after neoadjuvant
chemotherapy was close (32%) to that of basal (33%)
and ERBB2-enriched tumors (37%), and significantly
higher than the rates observed for luminal A (7%), luminal
B (18%), and normal-like tumors (14%). Similar obser-
vations have been reported by Prat and colleagues [9]
in a smaller series of 133 samples including 18 CL,
with higher pCR rates in the CL (39%), basal (79%) and
ERBB2-enriched (39%) cases. As discussed above with
the prognostic features, the clinicopathological features
predictive for pCR in the CL subtype (grade and ESRI
status) were predictive in the whole series of samples
and the luminal A subtype, but were not predictive in
the ER-negative subtypes (basal and ERBB2-enriched).
The predictive value of 4 previously published predictive
GES was also different between CL and the other subtypes.

Conclusions

In conclusion, we revealed many differences between CL
and the other molecular subtype of breast cancers, notably
the basal subtype. Differences are present at all tested
levels, including the molecular and clinicopathological
characteristics, the clinical outcome and the prognostic
features. The strength of our study lies in both its com-
prehensiveness and the number of samples analyzed.
Limitations are those of any retrospective multicenter
study, including potential selection bias and the un-
availability of certain clinicopathological variables. Our
results suggest that CL tumors represent a different
subtype. They also reveal some unexpected findings
that warrant further study to better understand this yet
mysterious subtype. The most important ones concern
the relatively high numbers of ER-positive tumors and
non-TN tumors within the CL subtype: 36% and 48%
respectively versus only 14% and 24% in the basal sub-
type and 95% and 99% in the luminal A subtype. This
difference in a major feature of breast cancer (ER status)
suggests that the so-defined CL subtype is much more
heterogeneous than basal and luminal A subtypes. Such
a mixture of ER-negative and ER-positive samples likely
explains the intermediate/mixed pattern of CL subtype
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between the basal and the luminal A subtypes in terms of
clinicopathological and molecular characteristics, survival,
prognostic features, and response to chemotherapy.
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