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Claudin expression in high-grade invasive
ductal carcinoma of the breast: correlation
with the molecular subtype
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Claudin proteins are a major component of the tight junctions. Dysregulation of claudin protein expression has
been described in a number of malignancies. Gene expression profiling has stratified breast cancers into
distinct molecular subtypes: luminal, HER2 positive (HER2 +), and basal-like. Recently, a novel claudin-low
molecular subtype has been described. In this study, we correlated the expression patterns of claudins with the
molecular subtypes of breast cancer. On the basis of immunohistochemical expression, 226 grade 3 invasive
ductal carcinomas were stratified into 65 luminal (estrogen receptor positive (ER +)), 65 HER2 +, 86 basal-like,
including 14 metaplastic carcinomas (ER — , HER2 — , CK5/6, and/or epidermal growth factor receptor positive),
and 10 unclassified. Tissue microarrays were analyzed for the expression of claudins 1, 3, 4, 7, and 8 by
immunohistochemistry and scored semiquantitatively. High levels of expression were detected in 17% of all
cases for claudin 1, 32% claudin 3, 41% claudin 4, 44% claudin 7, and 40% claudin 8. Luminal cancers exhibited
increased claudins 7 and 8; basal-like tumors demonstrated increased expression of claudins 1 and 4. Low
expression of all five claudins was detected in 30 of 226 cases (13%) and this group was designated ‘claudin-
low’. The majority of the claudin-low subgroup were basal-like cancers (23 of 30, 77%). In contrast, only 1 of 30
(3%) claudin-low tumors was of the luminal phenotype and 6 of 30 cases (20%) were HER2 + (P<0.001). Within
the basal-like subgroup, 64% of the metaplastic and 19% of the non-metaplastic tumors were claudin-low. The
claudin-low group was strongly associated with disease recurrence (P=0.0093). In conclusion, this study is the
first to examine comprehensively the differential expression of claudins 1, 3, 4, 7, and 8 in the molecular
subtypes of high-grade breast cancer. Claudin-low subtype is a frequent phenomenon in metaplastic and basal-

like breast cancer and appears to be a strong predictor of disease recurrence.
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Breast cancer is the most common type of female
cancer and represents 14% of cancer-related deaths
in women.! It has been estimated that there will be
about 226870 new cases of breast cancer in the
United States in 2012, and about 39510 women will
die from this disease.! Breast cancer is a genetically
heterogeneous group of tumors with a variety of
morphological features. Global gene expression
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profiling studies have produced a new molecular
classification of breast cancer with four distinct
subtypes: luminal, HER2, basal-like, and unclassi-
fied.?3 Each of these subtypes has unique biological
and prognostic features. As microarray gene expres-
sion analysis is not routinely available, immuno-
histochemical surrogates have been developed,
which approximate the molecular subtypes of
breast cancer.*® Based on an immunohisto-
chemical panel of four markers (estrogen receptor
(ER), HER2, epidermal growth factor receptor
(EGFR), and cytokeratin 5/6), breast cancers may
be stratified into ER +/HER2 — (luminal), HER2 +/
any ER (HER2-enriched), ER—/HER2 —/EGFR+
and/or cytokeratin 5/6 + (basal-like), and ER—/
HER2 — /EGFR — /cytokeratin 5/6 — (unclassified).*
Recent gene expression studies have identified a
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novel claudin-low subtype of breast cancer.® This
claudin-low subgroup has been proposed to
be related to metaplastic cancer, epithelial-
mesenchymal transition, and poor prognosis.”=®

Claudins are members of a large family of tight
junction proteins, which regulate cellular adhesion,
polarity, and glandular differentiation. There are
currently at least 24 different claudins known to
exist in humans, and the expression of each appears
to be tissue specific.!®!! Claudin expression is
frequently altered in several cancers.'>~'* Because
of the high specificity of claudin expression patterns
in cancer tissue, it has been proposed that claudins
may represent useful diagnostic and prognostic
markers in gastrointestinal, genitourinary, and
pulmonary neoplasms.5-21

Comparatively few studies have examined the
expression of claudins in breast cancer. Claudin 7
has been reported to be downregulated in high-grade
invasive ductal carcinomas, in the ER — and basal-
like molecular subtypes.??724 In contrast, claudins 3
and 4 have been found to be overexpressed in breast
cancer at both the mRNA and protein level.25-28

In this study, we examined the expression of
claudins 1, 3, 4, 7, and 8 in a cohort of patients with
grade 3 breast carcinoma representing the different
molecular subtypes of breast cancer to identify and
better characterize the claudin-low subgroup.

Materials and methods
Tissue Selection

Tissue samples of grade 3 invasive ductal carcinoma
from 226 consecutive patients aged 27—96 years were
collected between the years 1996 and 2009 from the
archives of the Departments of Pathology at the Rhode
Island Hospital and The Miriam Hospital. The cohort
of grade 3 tumors was selected based on the fact that
claudin-low breast carcinomas are mainly histologi-
cally grade 3 tumors.® None of these patients received
neoadjuvant chemotherapy or radiotherapy before
surgery. After surgery, 100 (44%) patients received
chemotherapy alone, 20 (9%) received hormonal
therapy alone, and 36 (16%) received both chemo-
therapy and hormonal therapy. This study was
approved by the institutional review board at the
Rhode Island Hospital. The histological grade was
previously determined according to the Nottingham
modification of the Bloom-Richardson scoring sys-
tem?® and confirmed independently by two
pathologists (EY and KS). Stage of disease was
defined according to the American Joint Committee
on Cancer (AJCC).3° Based on the immuno-
histochemical expression of ER, HER2, EGFR, and
cytokeratin 5/6, the tumors were stratified into 65
luminal (ER+ /HER2 — /any EGFR and/or cytokeratin
5/6), 65 HER2-enriched (HER2 + /any ER), 86 basal-
like (ER —, HER2 —, CK5/6, and/or EGFR + ), and 10
unclassified (ER — /HER2 — /EGFR — /cytokeratin 5/6 — )
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according to Nielsen et al.* The basal-like group
included 14 metaplastic carcinomas, of which
6 had a squamous component, 5 spindle sarcoma-
tous areas, and 7 with heterologous elements
(5 chondroid and 2 osseous). Four tumors
contained two or more components.

Tissue Microarray Construction

Paraffin blocks containing representative tumor
areas were identified on corresponding hematoxy-
lin- and eosin-stained sections. Areas of interest
were identified and marked on the source block. The
source block was cored, and a 1-mm core was
transferred to the recipient ‘master block’ using the
Beecher Tissue Microarrayer (Beecher Instruments,
Silver Spring, MD, USA). Five representative cores
of tumor and two cores of normal breast tissue were
arrayed per specimen.

Immunohistochemical Staining

Immunohistochemical staining was performed ac-
cording to the following protocol. Sections from
paraffin-embedded tissue microarrays were cut at
4 um, deparaffinized, and rehydrated with xylene
and graded alcohols. Microwave epitope retrieval
was performed in target retrieval (pH 6.0) (Dako,
Carpinteria, CA, USA) for ER, and HER2; high pH
target retrieval for cytokeratin 5/6 (Dako); or 10 mM
citrate buffer (pH 6.0) for 10min, followed by
cooling for 15 min at room temperature for claudins.
The following primary antibodies were used: clone
ER1D5 against ER (1:300 dilution; Dako), clone CB11
against HER2 (1:150 dilution; Vector Laboratories),
clone D5/16B4 against cytokeratin 5/6 (1:40 dilu-
tion; Cell Marque, Rocklin, CA, USA), rabbit poly-
clonal antibodies against claudin 1 (1:50 dilution;
NeoMarkers, Lab Vision, Fremont, CA, USA), clau-
din 3 (1:1000; NeoMarkers), claudin 4 (1:1000;
NeoMarkers), claudin 7 (1:500; NeoMarkers), and
claudin 8 (1:100; GeneTex, San Antonio, TX, USA).
Appropriate positive and negative controls were
used simultaneously with test slides. Positive con-
trols consisted of normal colonic mucosa.'® Normal
rabbit serum (sc-2338; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) was used as the negative
control for anti-claudin antibodies.
Immunohistochemical staining for ER and HER2
was performed using the Dako Autostainer Plus and
EnVision Dual Link detection reagent (Dako) with
DAB (Dako). Immunohistochemical staining for
claudins 3, 4, 7, and 8 was performed using the
Envision Plus kit (Dako) and for claudin 1 using the
Ventana Discovery automated staining system em-
ploying the Ventana Basic DAB detection kit and
endogenous biotin-blocking kit (Ventana Medical
Systems, Tucson, AZ, USA). EGFR was stained
using the PharmDX kit (Dako) according to the
manufacturer’s instructions. For HER2 fluorescent



in situ hybridization assay, slides were hybridized
with probes to LSI HER2/neu and CEP 17 with the
PathVysion HER2 DNA Probe Kit (Abbott Molecular,
Des Plaines, IL, USA) according to the manufac-
turer’s instructions. Slides were counterstained with
4’,6-diamidino-2-phenylindole and visualized on a
Zeiss Axioplan epifluorescent microscope (Zeiss,
Baden-Wurttemberg, Germany).

Staining results were assessed by two pathologists
(EY and SL) in a blinded manner. ER stains were
considered positive if immunostaining was seen in
more than 1% of tumor nuclei. EGFR stains were
considered positive if any (weak or strong) membra-
nous invasive carcinoma cell staining was observed.
CK5/6 stains were scored positive if any (weak or
strong) cytoplasmic and/or membranous staining
was detected in the tumor cells. For HER2 status,
tumors were considered positive if scored as 3+
according to the guidelines of the American Society
of Clinical Oncology/College of American Patholo-
gists,3! and fluorescent in situ hybridization with
amplification ratio 2.2 or more was used to segregate
immunohistochemically equivocal (2+) results.
Claudin immunoreactivity was assessed based on a
combined score of the extent and intensity of
staining. Scores 0—3 were assigned according to the
percentage of positive tumor cells (0=0%;
1= <25%; 2=25-50%; and 3=>51%) and the
intensity of staining in tumor (0=0; 1=1+;
2=2+; and 3=3+) as described previously.'®
The two scores were multiplied to give an overall
score of 0-9, of which 0 was considered negative,
1-2 was considered weak, 3—6 moderate, and 9
strong staining.'® Negative and weak expression was
considered as low, whereas moderate and strong as
high. Tumors with low expression of all five
claudins were defined as claudin-low. Any
discordant scores were reviewed together by both
scorers to obtain a consensus score.

Statistical Methods

The %2 analysis was used to assess the associations
between the expression of claudins and molecular
subtypes. Hierarchical clustering was used to detect
the association between claudins and ER, HER2,
EGFR, and CK5/6 expression by centroid method
with data standardization. Complete method with
data standardization was used for hierarchical
clustering of histological features of claudin-low
breast cancer. Overall survival time was calculated
from the time of diagnosis until the time of death.
The method of Kaplan—Meier was used to generate
overall survival curves, and curves were compared
using a log-rank test. The prognostic significance of
claudin expression and the other clinical variables,
including tumor size, lymph node status, presence
of metastasis, and AJCC stage, was determined using
a univariate Cox proportional hazards model. Multi-
variate analysis was carried out using a multivariate
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Cox proportional hazards model, including the
following variables: age, claudin expression, tumor
molecular subtype, AJCC stage, and systemic adju-
vant therapy. All tests were two-sided with 0.05 as
the threshold to be considered statistically signifi-
cant. All analyses were performed using the SAS
software, JMP Base version 8.0.0 (SAS, Cary, NC,
USA).

Results
Clinicopathological Characteristics

The clinicopathological characteristics of the pa-
tients with grade 3 invasive ductal carcinomas are
summarized in Table 1. In all, 102 patients (45%)
presented with T2 or larger tumors; 71 (31%) with
nodal involvement; and 6 (3%) with metastatic
disease. A total of 26 patients (12%) had advanced
stage®™* disease at diagnosis (defined according to
the AJCC). Clinical follow-up was available for all
cases. Median follow-up was 52.5 months (range,
1-211.6 months).

Expression of Claudins in Breast Cancer

The normal breast ductal and lobular epithelium
expressed claudins 1, 3, 4, 7, and 8 (Figure 1). In
normal breast tissue, all of the claudins exhibited
predominantly an apicolateral membranous staining
pattern of luminal cells with no expression by
myoepithelial cells. In invasive ductal carcinoma
cases, claudin 1 demonstrated a predominantly
punctate membranous staining pattern, whereas
claudins 3, 4, 7, and 8 staining varied from a
punctate to complete circumferential membranous
staining with no preservation of the apicolateral
polarity seen in normal breast epithelium.

High levels of expression were detected in 17% of
all tumors for claudin 1, 32% claudin 3, 41%
claudin 4, 44% claudin 7, and 40% for claudin 8.
The frequency of high-level claudin 1 expression
was approximately 50% that of other claudin types.
Based on the protein expression of claudins, ER,
HER2, CK5/6, and EGFR, a hierarchical clustering
analysis was performed and the results provided a
global overview of the relationship among these
markers (Figure 2). Cases with high expression of
claudins 1, 3, and 4 clustered in one group with
cases positive for basal markers CK5/6 and EGFR. In
contrast, tumors with high expression of claudins 7
and 8 clustered with ER+ neoplasms. HER2 +
tumors did not cluster with any of claudins.

While cluster analysis provided a comprehensive
overview, correlation analysis revealed significant
association between these markers (Table 2). When
tumors were categorized into low (negative and
weak expression) and high (moderate and strong
expression) for each claudin, there were strong
positive associations between claudin 1 and CK5/6
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Table 1 Clinicopathological characteristics of patients with different molecular subtypes of breast carcinoma

Molecular subtype
Parameter Total
Luminal HER2 Basal-like Unclassified

Sample size (%) 226 65 (29%) 65 (29%) 86 (38%) 10 (4%)
Mean age (years) £ s.d. 61+15 64116 61+15 59+ 15 65112
Race

White 202 (90%) 62 (95%) 59 (92%) 73 (85%) 9 (90%)

African American 24 (10%) 3 (5%) 5 (8%) 13 (15%) 1 (10%)
AJCC stage

Stage 1 91 (41%) 20 (31%) 30 (46%) 35 (41%) 6 (60%)

Stage 2 95 (42%) 31 (470%) 24 (37%) 37 (43%) 3 (30%)

Stage 3 19 (9%) 7 (11%) 4 (6%) 7 (8%) 1 (10%)

Stage 4 7 (3%) 3 (5%) 1(2%) 3 (3%) 0
Tumor status

T1 120 (53%) 26 (40%) 38 (58%) 48 (56%) 8 (80%)

T2 84 (37%) 29 (45%) 21 (32%) 33 (38%) 1 (10%)

T3 9 (4%) 3 (5%) 2 (3%) 3 (4%) 1 (10%)

T4 9 (4%) 6 (8%) 1(2%) 2 (2%) 0
Node status

NO 117 (52%) 28 (44%) 36 (58%) 46 (53%) 7 (70%)

N1 55 (24%) 15 (23%) 18 (27%) 20 (23%) 2 (20%)

N2 11 (5%) 4 (6%) 1(2%) 5 (6%) 1 (10%)

N3 5 (2%) 2 (3%) 2 (3%) 1(1%) 0

Nx 38 (17%) 16 (25%) 8 (12%) 14 (16%) 0
Metastasis status

Mo 215 (95%) 62 (95%) 63 (96%) 80 (93%) 8 (80%)

M1 6 (3%) 3 (5%) 1(2%) 2 (2%) 0

Mx 5 (2%) 0 1 (2%) 4 (5%) 2 (20%)

and EGFR (P=0.01 and 0.004, respectively) and
significant negative association between claudin 1
and ER (P=0.0001). In addition, the expression of
claudin 4 was positively associated with the
expression of EGFR (P=0.0306) and negatively
associated with ER (P=0.0125). In contrast to
claudins 1 and 4, claudins 7 and 8 showed a strong
direct association with ER expression (P=0.0028
and <0.0001, respectively) and negative association
with CK5/6 (P=0.0084 and 0.0072, respectively)
and EGFR expression (P=0.0001 and <0.0001,
respectively).

Expression of Claudins in Different Molecular
Subtypes of Breast Cancer

The relationship between claudins and ER, EGFR,
and CK5/6 expression prompted us to assess claudin
expression in the different molecular subtypes of
breast cancer. A y? analysis revealed that the
luminal subtype contains significantly more tumors
that were claudin 7 positive (45%, P<0.0001) and
claudin 8 positive (49%, P<0.0001) (Table 3). In
contrast, high levels of claudin 1 were observed
in the basal-like subtype (63%, P=0.0132). Claudin
4-positive tumors demonstrated a tendency of
association with basal-like tumors (40%).
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Identification of a Claudin-Low Group

Low levels of expression (0-1+) were detected in
84%, 67%, 59%, 57%, and 61% of tumors stained
for claudins 1, 3, 4, 7, and 8, respectively. Low
expression of all five claudins was observed in 30 of
226 cases (14%) and this group was designated as
claudin-low. The majority of the claudin-low group
were basal-like cancers (23 of 30, 77%). In contrast,
only 1 of 30 (3.3%) tumors was of the luminal
phenotype and 6 of 30 (20%) cases were HER2 +
(P<0.0001). Within the basal-like subgroup, 9 of 14
(64%) of the metaplastic and 14 of 72 (19%) of the
non-metaplastic tumors were claudin-low.

Histological Features of Claudin-Low Breast Cancers

Given the findings that claudin-low tumors are
related to the basal-like subtype carcinoma, we
more closely examined the histology of these tumors
(Figure 3). To quantify our observation, morpholo-
gical features were rated and mathematically clus-
tered (Figure 4). Two main histological subtypes of
claudin-low tumors were identified. The first sub-
type consisted of 12 cases clustered exclusively with
the basal-like group. These tumors showed meta-
plasia, necrosis, pushing border, as well as syncytial



and medullary features. The second type contained
15 cases, including basal-like, luminal, and HER2
subtypes, and was characterized by nesting growth
pattern with desmoplasia, scar, lymphocytic infil-
trate, and associated DCIS. Three cases shared
histological features between these two groups.

Of note, the vast majority (6 of 7, 86%) of
metaplastic tumors with chondroid or osseous
heterologous elements were claudin-low. In con-
trast, squamous differentiation was not a feature of
claudin-low tumors. Only two of nine claudin-low
metaplastic tumors contained squamous compo-
nents as opposed to four of five claudin non-low
metaplastic tumors.

Claudin Expression and Survival

Univariate analysis of survival was performed to
evaluate the impact of conventional prognostic
predictors and claudins on patient survival.
Kaplan—Meier survival curves were constructed,
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followed by the log-rank test. Univariate analysis
revealed that tumor stage significantly influenced
overall patient survival (P<0.0001; Figure 5a).
Patients with claudin-low tumors had significantly
worse recurrent-free survival than the other patients
(P=0.0093; Figure 5b). Within the basal-like group
patients with claudin-low tumors also showed
worse recurrent-free survival as opposed to clau-
din-high tumors (P=0.11; Figure 5c¢). Multivariate
analysis of survival revealed that the tumor stage
(P=0.0025), and molecular subtype were the only
independent predictors of survival (P=0.0025 and
0.0345, respectively). Claudin expression was not an
independent predictor of survival by multivariate
analysis.

Discussion

Global gene expression studies identified multiple
molecular subtypes of breast cancer, including
luminal, HER2-enriched, basal-like, and normal
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Figure 1 Expression of claudins in normal breast (a, c, e, g, and i) and invasive ductal carcinoma (b, d, f, h, and j). Claudin 1 is expressed
in the majority of luminal cells of terminal ductal lobular unit (a) and has scattered pattern in a basal-like carcinoma (b). Claudin 3 is
expressed in the apicolateral side of the normal luminal epithelium (c) and the polarity is lost in a basal-like cancer (d). Predominantly
apicolateral claudin 4 expression in normal breast (e) and complete circumferential membranous staining in a basal-like carcinoma (f).
Claudins 7 and 8 are also apicolateral in the normal gland (g, i) and circumferential membranous in luminal subtype tumors (h, j).
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Figure 1 (Continued)

breast-like. The subtypes of these tumors have
significant differences in incidence, survival, and
response to therapy. Recent genomic studies have
identified a novel claudin-low molecular subtype of
breast cancer.® In this study, we evaluated the
expression patterns of claudins 1, 3, 4, 7, and 8 in
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different molecular subtypes of grade 3 breast
cancer. Selection of claudins evaluated in this
study was based on molecular evidence describing
low gene expression of claudins 3, 4, and 7 in the
claudin-low subtype.? Claudins 1 and 8 were
selected based on our previous observations of
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Figure 2 Hierarchical cluster analysis (centroid method with data standardization) of the expressions of claudins 1, 3, 4, 7, and 8 and
estrogen receptor (ER), HER2, CK5/6, and epidermal growth factor receptor (EGFR). Each column represents a different tumor, and each
row represents a marker. Red: highest expression; blue: lowest expression. The analysis shows that claudins 1, 3, and 4 clustered
predominantly with cases positive for basal markers CK5/6 and EGFR, as indicated by short dendrogram branches linking these markers.

Claudins 7 and 8 clustered with ER + tumors.

Table 2 Contingency analysis of claudin expression and other
markers based on immunohistochemical expression

P-value ER HER2 CK5/6 EGFR
CLDN1 0.0001 NS 0.01 0.004
CLDN3 N.S. NS NS NS
CLDN4 0.0125 NS NS 0.0306
CLDN?7 0.0028 NS 0.0084 0.0001
CLDN8 <0.0001 NS 0.0072 <0.0001

Bold, negative correlation; italic, positive correlation; NS, no
significance (P> 0.05).

decreased expression of these tight junction proteins
in colonic, gastric, and renal carcinomas.!?-16-18

Claudins are pivotal proteins in the formation and
function of tight junctions. In normal epithelia, the
primary functions of the tight junctions are to seal
the apical intercellular spaces of glandular epithelia
creating a barrier against the paracellular passage of
macromolecules and to separate the plasma mem-
brane into the apical and basolateral domains.??:33
There are currently at least 24 known members of
the claudin family, which are expressed in a tissue-
specific pattern in normal epithelia.’®'! Neoplastic
cells frequently exhibit structural and functional
deficiencies in the tight junctions. Disruption of the
tight junctions is believed to be one of the processes
that occur in carcinogenesis allowing for loss of
cellular  cohesion, aggressive growth, and
differentiation of cancer cells.'?3% This hypothesis
is supported by the loss of claudin expression in
several cancers, including claudin 1 in colorectal
carcinoma,’® claudins 1 and 7 in prostatic
carcinoma, '° and claudins 3 and 4 in esophageal
carcinoma.®®> However, some malignant neoplasms
do not follow this rule and demonstrate paradoxical
overexpression of claudins. Our group has
previously  reported significantly stronger
expression of claudin 4 in colonic and gastric
adenocarcinoma as opposed to normal mucosa.!®16
Upregulation of claudins 3 and 4 has been observed
in ovarian cancer, but not in benign ovarian
cystadenomas.3® Increased expression of claudins
3 and 4 has been recently shown to contribute to the
aggressive behavior of clear-cell and serous
papillary endometrial carcinoma.3”

Table 3 Expression of claudins in different molecular subtypes

Total Molecular subtype P-value
Luminal HER2 Basal-like Negative
Claudin 1 0.0132
Low 186 (84%) 54 (30%) 53 (30%) 62 (35%) 9 (5%)
High 36 (16%) 3 (9%) 8(25%) 20 (63%) 1 (3%)
Claudin 3 0.9103
Low 148 (67%) 38 (27%) 41 (29%) 58 (41%) 5 (4%)
High 73 (33%) 19 (28%) 21 (31%) 24 (36%) 3 (5%)
Claudin 4 0.2944
Low 128 (59%) 38 (31%) 32 (26%) 47 (39%) 4 (3%)
High 90 (41%) 18 (21%) 29 (34%) 34 (40%) 5 (6%)
Claudin 7 <0.0001
Low 115 (57%) 18 (17%) 30 (28%) 58 (54%) 1 (1%)
High 87 (43%) 37 (45%) 21 (25%) 19 (23%) 6 (7%)
Claudin 8 <0.0001
Low 129 (61%) 20 (17%) 27 (23%) 66 (56%) 6 (5%)
High 82 (39%) 39 (49%) 25 (31%) 15 (19%) 1 (1%)
Claudins <0.0001
Alllow 30 (16%) 1 (3%) 6 (20%) 23 (77%) 0

Non-low 190 (84%) 64 (34%) 59 (31%) 63 (33%) 10 (5%)

Our findings demonstrate that the expression of
claudins in invasive ductal carcinoma of the breast
is not only tissue specific but is also unique in
particular molecular subtypes of breast cancer.
Luminal cancers appear to exhibit ER+ /claudins
7, 8 high/claudins 1, 4 low signature, and therefore
claudins 7 and 8 may be designated as ‘luminal’. In
contrast, basal-like cancers demonstrate ER —/
HER2 — /claudins 1, 4 high/claudins 7, 8 low
phenotype, and claudins 1 and 4 may be considered
as ‘basal’ claudins. To date, only a few studies have
addressed the role of claudins in breast carcinoma.
Studies of the expression of claudins 3 and 4 in
invasive ductal carcinoma remain controversial. In
one of the early studies, Soini®® observed strong
expression of claudins 3 and 4 in invasive ductal
carcinoma; however, he did not find an association
between the expression of claudins 3 and 4 and
tumor grade or ER status. Tokes et al*® reported
significant loss of claudin 4 mRNA and protein
expression in the majority of grade 1 ductal
carcinomas, but increased expression in grade 2
and 3 tumors Our findings of an association of the
expression of claudins 1 and 4 with ER— tumors
are in complete agreement with several recent
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Figure 3 Histological features of claudin-low breast cancer. (a) Metaplastic cancer, (b) medullary growth pattern, (c) central scar,
(d) desmoplastic stromal reaction, (e) nesting growth pattern, and (f) lymphocytic infiltrate.

reports.?527 Lanigan et al?® described the asso-
ciation of increased expression of claudin 4 with
high tumor grade, ER— tumor status, and poor
prognosis.(26) Blanchard et al?’” demonstrated
correlation of claudins 1 and 4 with the basal-like
subtype. Similar findings on overexpression of

MODERN PATHOLOGY (2013) 26, 485-495

claudin 4 in basal-like subtype of breast cancer
have been reported by Kulka et al.?8

Only a few studies have examined the expression
of claudin 7 in breast carcinomas. Kominsky et al??
reported loss of claudin 7 in high-grade invasive
ductal carcinoma. Upon analyzing data of claudin 7
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Figure 4 Hierarchical cluster analysis (complete method with data standardization) of histological features of claudin-low cancer. Each
column represents a different tumor, and each row represents a histological feature. Red: highest expression; blue: lowest expression.

The analysis shows two main groups.
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Figure 5 Analysis of overall (a) and recurrence-free survival (b,c)
in grade 3 invasive ductal carcinoma by stage (a), claudin-low
expression in the entire cohort (b), and claudin-low expression in
basal-like subtype only (c).

mRNA expression quantitated by real-time PCR
from this study, in which breast cancer cell lines
were used, we found that all ER— cell lines
showed no detectable claudin 7 mRNA, wheres all
ER+ cell lines showed detectable expression of
claudin 7. In parallel with our data, reduced
immunohistochemical expression of claudin 7 was
associated with ER — breast carcinomas,?3 and was
less frequent in the triple-negative group.?* Here we
present, for the first time, immunohistochemical
evidence of the expression of claudin 8 in invasive
ductal carcinoma and demonstrated its association
with the ER + luminal subtype of breast cancer.

In this study, we defined a group of tumors
negative for all five claudins tested and demon-
strated that this claudin-low group is strongly
associated with basal-like breast cancer and meta-
plastic cancer. Claudin-low subtype of breast cancer
was identified in 2007 by gene expression analysis
of breast tumors.® This group is characterized by low
expression of genes involved in tight junctions and
cell—cell adhesion, including claudins 3, 4, and 7.°
The claudin-low group is characterized by
enrichment of epithelial-to-mesenchymal transition
markers, immune response genes, and cancer stem
cell markers. In contrast to other molecular subtypes
of breast cancer, claudin-low tumors have been less
studied. Recently, Prat et al comprehensively
characterized this subtype at the molecular level
by hierarchical clustering of approximately 1900
intrinsic genes and found that this group comprises
approximately 12% of breast cancers. Our data show
similar frequencies of claudin-low group (13%).
One would expect higher frequencies in this study
group containing only high-grade tumors; however,
our criteria required all five claudins to be low,
thereby decreasing the number of claudin-low cases.
As the expression of more claudin subtypes are
evaluated in breast cancer, the definition of the
claudin low variant will likely need to be modified.

Our results provide evidence that the basal-
like subtype of breast cancer is a heterogeneous
group and may be further subdivided into subgroup
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with loss of claudin expression (claudin-low) and
a subgroup with gain of claudin expression
(claudin-high). Recently, Myal et al*® discussed the
significance of a subset of ER— breast cancers,
which express high levels of claudin 1 and proposed
a possible ‘claudin-high’ subset of breast cancer. Our
results demonstrate that claudin 1-high subgroup is
a relatively frequent phenomenon in basal-like
breast cancer. In both scenarios of claudin loss or
gain, it appears that abnormal claudin expression is
associated with more aggressive tumor behavior.

In summary, we demonstrated a differential
claudin expression in the four molecular subtypes
of invasive ductal carcinoma and proposed ‘lumi-
nal’ and ‘basal’ claudins. Molecular subtypes of
breast cancer are a heterogeneous group and can be
further subdivided into a claudin-low group. Clau-
din-low subtype is a frequent phenomenon in
metaplastic and basal-like breast cancer and appears
to be a strong predictor of disease recurrence.
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