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Abstract. The importance of the expression profile of claudins 
in the molecular classification of breast cancer (BC) is currently 
under investigation. Claudins, together with cadherins, serve 
an important role in the epithelial‑mesenchymal transition 
and influence the chemosensitivity of cancer cells. Adjuvant 
chemotherapy is administered following surgical resection in 
selected cases of BC. Previous neoadjuvant chemotherapy may 
change the molecular profile of a tumour and subsequently 
also its chemosensitivity. In the current study, the expression 
of claudin‑1, ‑3 and ‑4, E‑ and N‑cadherin and the standard BC 
biomarkers [oestrogen receptor (ER), progesterone receptor 
(PR), human epidermal growth factor receptor 2 (HER2) 
and marker of proliferation Ki‑67 (Ki‑67)] in formalin‑fixed, 
paraffin‑embedded sections from 62 patients with invasive 
BC was analysed using immunohistochemistry prior to and 
following neoadjuvant chemotherapy. The results revealed 
increased expression of claudin‑1 (P=0.03) and decreased 
expression of claudin‑3 (P=0.005), PR (P<0.001) and Ki‑67 
(P=0.01) following the neoadjuvant therapy. No signifi-
cant changes in the expression of ER, claudin‑4 or E‑ and 
N‑cadherin were observed following therapy. Furthermore, an 
association between the expression of claudin‑1 and the stan-
dard BC markers (P<0.05) was identified. A high expression of 

claudin‑1 was more frequently observed in the triple‑negative 
BC cohort than in the cohort with positive ER, PR and/or 
HER2 before (P=0.04) and after chemotherapy (P=0.02). The 
expression of N‑cadherin was associated with the expression 
of ER, PR, HER2 and tumour grade (P<0.05). A positive asso-
ciation between the expression of claudin‑3 and E‑cadherin 
(P=0.005) was observed. No association was found between 
the expression of E‑ and N‑cadherin. In conclusion, significant 
changes in the expression of claudin‑1 and ‑3 but not in the 
expression of claudin‑4, E‑ and N‑cadherin were observed in 
samples taken from patients with BC following chemotherapy. 
These findings indicate that claudins‑1 and ‑3 serve a role in 
the response of BC to chemotherapy.

Introduction

Breast cancer (BC), the most frequent malignant tumour in 
females, is a disease with a heterogenous genetic background 
and morphology. The prediction of the biological behaviour of 
a tumour and its response to therapy currently relies on histo-
logical classification of the BC tumour. BC subtyping based 
on molecular profiling, including intrinsic subtypes luminal A, 
luminal B, human epidermal growth factor receptor 2 
(HER2)‑enriched, basal‑like and normal‑like, may lead to 
improved prediction of the tumour's response to therapy (1‑3). 
Novel subgroups with features distinct from the previous ones 
have been proposed, including the claudin‑low and ‑high 
subtypes (4,5). However, the additional value of this molecular 
classification in clinical practice remains unclear (6).

The claudin family currently comprises 27 proteins that 
form the integral backbone of tight junctions, which are key 
intercellular connections responsible for maintaining tissue 
homeostasis (7). The combination of claudins, as well as the 
level of their expression, are tissue specific and various tumours 
have been reported to exhibit characteristic patterns (8‑11). In 
non‑cancerous breast tissue, the duct epithelium expresses 
high levels of claudin‑1, ‑3 and ‑4 (8). In breast tumours, the 
downregulation or complete loss of claudin‑1 and the preser-
vation or upregulation of claudin‑3 and ‑4 were commonly 
observed in previous studies (8‑11). There are, however, some 
exceptions to these findings, particularly the claudin‑low 
and ‑high molecular subtypes. The claudin‑low subtype is 
characterized by low expression of claudin‑3, ‑4 and ‑7 and 
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E‑cadherin, and a high frequency of triple‑negative tumours 
[TNBC; negative oestrogen (ER) and progesterone receptors 
(PR) and HER2]. The claudin‑high subtype is characterized by 
the high expression of claudin‑1 and ‑4 and ER negativity. The 
claudin‑low and ‑high subtypes are associated with aggressive 
tumours that tend to be chemosensitive, while other therapy 
options like hormonal or anti‑HER2 therapy are frequently 
limited due to their ER‑ or triple‑negativity (4,5,12,13).

Chemotherapy is one of the basic therapeutic approaches 
to BC. There are selected patients who profit from neoadju-
vant chemotherapy, which is administered prior to surgery 
in order to reduce the extent of primary tumour and lymph 
node metastases, and therefore to reduce the extent of required 
surgery (14). Since many patients undergo adjuvant chemo-
therapy following the surgical resection of BC, a question 
arises as to how a possible previous neoadjuvant chemotherapy 
changes the expression profile of a tumour and whether such 
changes influence the response to adjuvant chemotherapy.

Claudins have been previously investigated as potential 
new predictive markers of BC (4,5,15). Additionally, due to 
their easily accessible extracellular receptor domains and their 
involvement in carcinogenesis, claudins are promising targets 
for novel therapeutic tools, particularly for chemoresistant 
cancer (16‑18). The exact role of claudins in carcinogenesis 
remains unclear and seems to be very complex, involving 
proliferation, differentiation and apoptosis on multiple 
levels (9,10,19). An increasing body of evidence suggests 
that they serve a role in the epithelial‑mesenchymal transi-
tion (EMT), during which epithelial neoplastic cells gain a 
mesenchymal‑like phenotype through disruption of intercel-
lular junctions, loss of cell polarity and reorganisation of the 
cytoskeleton (12,20,21). This process facilitates the growth of 
a tumour, its invasion into surrounding tissues and metastasis. 
Furthermore, EMT is thought to be partially responsible for 
cancer chemoresistance (22). During EMT, intercellular junc-
tions not only come apart but also undergo regulatory changes 
including a cadherin switch, where epithelial cells loose 
E‑cadherin expression and begin to express N‑cadherin, which 
is typically expressed in tissues of mesodermal origin (23). 
Even though the expression of E‑cadherin is not always 
entirely lost, a cadherin switch is generally considered to be a 
marker of EMT (24,25). Claudin‑1 facilitates collective migra-
tion, by which neoplastic cells detach from the tumour mass 
at the leading front and penetrate into the surrounding tissues 
either through partial EMT mechanisms or independently of 
EMT (26). Claudin‑3 and ‑4 maintain the epithelial phenotype 
of a cell by modulating the expression of major EMT markers, 
mainly maintaining the expression of E‑cadherin, which is 
usually highly expressed by the most common type of BC, 
invasive carcinoma of no special type (NST, ductal) (21). 
Claudins serve a role in the regulation of cancer stem cells or 
tumour‑initiating cells with self‑renewal potential. Therefore, 
it is possible that they may contribute to drug resistance and 
tumour recurrence after initial therapy (12,20,22,27).

To the best of our knowledge, this is the first study to 
investigate the routinely assessed markers of BC such as ER, 
PR, HER2 and Ki‑67, as well as the changes in expression of 
the intercellular junction proteins claudin‑1, ‑3 and ‑4, E‑ and 
N‑cadherin following neoadjuvant chemotherapy. An improved 
understanding of their expression following chemotherapy may 

contribute to the elucidation of their role in tumour response 
to chemotherapy. Furthermore, the current study investigated 
the associations between the expression of claudins, cadherins, 
standard BC biomarkers, tumour grade and the extent of histo-
logical regressive changes after chemotherapy that may reveal 
the role of claudins in BC carcinogenesis and EMT.

Materials and methods

Tissue samples. Formalin‑fixed, paraffin‑embedded (FFPE) 
tissue samples of invasive breast carcinoma NST from 
62 patients who underwent neoadjuvant chemotherapy 
between January 2006 and June 2015 were selected from 
the archive of the Institute of Pathology of the General 
University Hospital and the First Faculty of Medicine of The 
Charles University in Prague, Czech Republic. All patients 
were females whose age at the first biopsy ranged from 
23 to 70 years (mean, 53.5 years). The tumour tissue was 
obtained from a diagnostic core needle biopsy before treat-
ment, and from the definitive resection of the residual tumour 
following neoadjuvant chemotherapy using mostly anthracy-
clines or taxanes, in combination with the HER2‑antibody 
trastuzumab in HER2‑positive tumours. Patient and tumour 
characteristics are summarized in Table I. In mastectomy 
specimens, optimal fixation was ensured by scoring the 
tissue with parallel incisions (every 10 mm of tissue) imme-
diately upon the delivery of the specimen to the Institute 
of Pathology, allowing equal permeation of the tissue by 
the fixative. This process prevented suboptimal fixation of 
the specimen and any subsequent alterations in the results 
of immunohistochemistry (IHC) reactions, specifically the 
presence of false negativity. Such preparation, together with 
the inking of the resection margins, enabled the preservation 
of the anatomical context without hindering macroscopic 
evaluation of the specimen. All specimens were fixed in 10% 
neutral buffered formalin for 6‑24 h at room temperature and 
embedded in paraffin wax. Haematoxylin and eosin‑stained 
3 µm sections were subsequently examined by a patholo-
gist using a light microscope. The histological grade was 
assessed in the two sample sets according to the Nottingham 
grading system of Elston and Ellis (1). The effect of therapy 
in the residual tumour tissue was scored according to the 
Chevallier classification: i) Class I, no residual carcinoma; 
ii) class II, carcinoma in situ; iii) class III, invasive carcinoma 
with stromal fibrosis and class IV, no or minimal regres-
sive changes in the invasive carcinoma (28). Only samples 
containing residual invasive cancer with either marked 
(class III) or minor signs of regression after chemotherapy 
(class IV) were selected. Patients with Chevallier class I 
and II tumour regression following chemotherapy were not 
included in the current study due to the absence of invasive 
cancer.

Samples with a sufficient amount of residual tumour were 
chosen for tissue microarray (TMA). Representative areas of 
the tumour were marked and their respective FFPE blocks 
were used for TMA construction based on the haematoxylin 
and eosin‑stained slides. Three or four tissue cores of 2.0 mm 
in diameter were drilled from each donor block and implanted 
into the recipient block using the tissue microarray instrument 
TMA Master (3DHISTECH Ltd.).
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IHC staining and evaluation. IHC evaluation of expression of 
all following markers was conducted by a pathologist using 
a light microscope. The IHC assessment of standard BC 
biomarkers included HER2, ER, PR and Ki‑67. Evaluation of 
HER2 was performed using HerceptTest (complete kit, original 
dilution by manufacturer; Agilent Technologies, Inc.; K5204) 
or rabbit monoclonal anti‑human anti‑HER2 4B5 PATHWAY 
antibody (original dilution by manufacturer; Ventana Medical 
Systems; 790‑2991) according to the manufacturers' instruc-
tions on the device Ventana BenchMark ULTRA (Ventana 
Medical Systems). The evaluation of HER2 expression was 
performed according to the World Health Organization 2012 
scoring guidelines (1): i) Negative (score 0 and 1+); ii) weakly 
positive (2+) and iii) strongly positive (3+) for HER2 protein 
overexpression. Fluorescence in situ hybridization (FISH) with 
ZytoLight® HER2/CEN 17 Dual Colour probe (ZytoVision; 
Z‑2077) was performed according to the manufacturer's 
instructions on samples that were scored by IHC as weakly 
positive (2+) and also on the samples that were scored as 
negative (0 and 1+) and ER and/or PR negative. For the FISH 
evaluation, ≥20 cells located in the area of invasive cancer were 
counted using a fluorescence microscope (magnification, x100 
and immerse oil). A positive result was defined as the ratio of 
HER2: Centromere of chromosome 17 being ≥2. For the evalu-
ation of the other markers, the following antibodies were used 
according to the manufacturer's instructions: Mouse mono-
clonal anti‑human antibody clone ER‑6F11 for the ER receptor 
(1:50; Novocastra, Leica Microsystems; NCL‑L‑ER‑6F11), 
two clones PGR‑312 and 16 for the PR receptor (1:50; Leica 
Microsystems Inc.; NCL‑PGR‑312; ORG‑8721) and a mouse 
monoclonal anti‑human clone Mib‑1 for the evaluation of Ki‑67 
(1:50; Agilent Technologies, Inc.; M7240). After that, slides 
were incubated in N‑Histofine Simple Stain Max‑Peroxidase 
(multi) (original dilution by manufacturer, Nichirei Biosciences 
Inc., 41415) for 30 min and then in chromogen DAB‑3S (original 
dilution by manufacturer, Nichirei Biosciences Inc., 415194S) 
for 5 min at room temperature. The evaluation of these markers 
was expressed as the percentage of positive cells. The data for 
ER and PR was categorized into groups as either positive or 
negative, a positive score was defined as ≥1% of tumour cells 
showing nuclear staining. A high cell proliferation was defined 
as ≥20% of Ki‑67‑positive tumour cells.

Table I. Clinicopathological characteristics of 62 patients 
with invasive breast carcinoma, including the comparison of 
tumour stage and grade prior to and following neoadjuvant 
chemotherapy.

Variable N (%)

Age at the time of core needle biopsy, years 
  <40 10 (16)
  40‑60 34 (55)
  >60 18 (29)
Extent of surgery  
  Mastectomy 32 (52)
  Breast‑conserving surgery 30 (48)
Neoadjuvant chemotherapy
  Doxorubicin, cyclophosphamide 5 (8)
  Doxorubicin, cyclophosphamide, docetaxel 34 (55)
  Doxorubicin, cyclophosphamide, paclitaxel 3 (5)
  Fluorouracil, epirubicin, cyclophosphamide 3 (5)
  Letrozole 4 (6)
  Paclitaxel 2 (3)
  Other combinations 11 (18)
Neoadjuvant anti‑HER2 therapy (trastuzumab)
  Yes 8 (13)
  No 54 (87)
Stage prior to therapy
  I 4 (6)
  II 39 (63)
  III 16 (26)
  IV 2 (3)
  Unknown 1 (2)
Stage following therapy
  I 15 (25)
  II 30 (48)
  III 12 (19)
  IV 2 (3)
  Unknown 3 (5)
Stage changes after neoadjuvant chemotherapy
  Decreased 31 (50)
  Increased 11 (18)
  Unchanged 17 (27)
  Unknown 3 (5)
Chevallier classa

  III 48 (77)
  IV 14 (23)
Tumour grade prior to therapy
  G1 6 (10)
  G2 33 (53)
  G3 23 (37)
Tumour grade following therapy
  G1 6 (10)
  G2 30 (48)
  G3 26 (42)
Histological type of breast cancer
  Invasive carcinoma of NST 62 (100)

Table I. Continued.

Variable N (%)

Minor histological component in invasive
carcinoma NSTb 
  Mixed NST and lobular 4 (6)
  Mixed NST and tubular 1 (2)
  NST with neuroendocrine features 1 (2)
  NST with micropapillary component 1 (2)
  Total 7 (11)

aExtent of histological tumour regression after therapy; b5‑20% of 
primary tumour mass. NST, no special type.
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Examination of claudins and cadherins was performed 
either on whole‑tissue sections from the FFPE tissue blocks, 
which were core needle biopsies and samples containing 
minimal residual tumour tissue insufficient for the imple-
mentation of TMA, or on TMAs. The tissue sections (4 µm) 
were deparaffinised in xylene at room temperature and 
rehydrated in a graded alcohol series. Antigen retrieval 
was performed using the heat‑induced epitope retrieval 
technique with a citrate buffer (pH 6.0 for claudin‑3 and ‑4; 
pH 9.0 for claudin‑1, E‑cadherin and N‑cadherin) at 98˚C 
for 40 min. Endogenous peroxidase was quenched by 3% 
hydrogen peroxide solution in methanol at room temperature 
for 20 min prior to incubation with the primary antibodies: 
Polyclonal rabbit anti‑human anti‑claudin‑1 (1:100; Cell 
Marque Corporation; 359A) and anti‑claudin‑3 (1:800; 
Abcam; ab15102), polyclonal goat anti‑human anti‑claudin‑4 
(1:100; Santa Cruz Biotechnology, Inc.; sc‑17664), monoclonal 
mouse anti‑human anti‑E‑cadherin (1:100; Thermo Fisher 
Scientific, Inc.; 18‑0223) and anti‑N‑cadherin (1:300; Agilent 
Technologies, Inc.; M3613). After that, slides for claudin‑1, 
claudin‑3 and E‑cadherin were incubated in N‑Histofine 
Simple Stain Max‑Peroxidase (multi) (original dilution by 
manufacturer, Nichirei Biosciences Inc.; 41415) and for 
claudin‑4 in N‑Histofine Simple Stain Max‑Peroxidase (g) 
(original dilution by manufacturer, Nichirei Biosciences Inc.; 
41416) for 30 min and then in chromogen DAB‑3S (original 
dilution by manufacturer, Nichirei Biosciences Inc.; 415194S) 
for 5 min at room temperature. Slides for N‑cadherin were 
stained by the kit EnVision+ System‑HRT (original dilution by 
manufacturer; Agilent Technologies Inc.; K4006) according 
to the manufacturers' instructions. Different semi‑quantitative 
scales were used to evaluate the expression of the claudins and 
cadherins in order to distinguish particular subtypes with a 
possible impact on tumour biology and/or response to chemo-
therapy. The evaluation of the expression of claudins was based 
on a combined score, as previously described (29,30): Scores 
0‑3 were used to classify the percentage of positive tumour 
cells (0, 0%; 1, <25%; 2, 25‑50%; 3, >50%) and the intensity of 
membrane staining (0, 0; 1, 1+; 2, 2+; 3,3+). These two scores 
were subsequently multiplied. In the resulting overall score of 
0‑9, 0 was considered as negative, 1 or 2 as weakly positive, 
3‑6 as moderately positive and 9 as strongly positive. Negative 
and weak positive staining were designated as low expression, 
while moderate and strong positivity were designated as high 
expression. For the identification of tumours that could be 
classified as either molecular claudin‑low or ‑high, the IHC 
criteria suggested in previous studies were used (4,31,32). The 
criteria for the claudin‑low subgroup included triple negativity 
and a low or absent expression of at least two of four of the 
following intercellular junction proteins: Claudin‑3, ‑4, ‑7 
and E‑cadherin. Previous studies have added low or absent 
expression of claudin‑1 to these criteria (31,32). The criteria 
for the claudin‑high subgroup included ER negativity and a 
high expression of claudin‑1 and ‑4 (4). A three‑tier scale was 
applied for the evaluation of E‑cadherin (0, 0%; 1, <70%; 2, 
≥70%). A strong membrane positivity in >70% of tumour tissue 
(score 2) was considered as normal, lower positivity (score 1) 
or negativity (score 0) were considered as aberrant (33). A 
four‑tier scale was applied for the evaluation of N‑cadherin (0, 
0%; 1, <25%; 2, 25‑50%; 3, >50%). The result was considered 

as positive when >1% of the tumour cells exhibited membrane 
staining.

Statistical analysis. STATISTICA software (version 10; 
StatSoft, Inc.) was used for data analysis. The Wilcoxon 
signed‑rank test was used to evaluate the differences in the 
expression of the markers (ordered categorical) of interest in 
the paired tumour samples (prior and following treatment). The 
χ2 test was used to reveal associations between pathological 
characteristics (dichotomous variables; Tables SI‑III). All data 
used for statistical calculations are in Table SIV. However, the 
sample set in the current study is limited in size and in the 
number of cases in the respective categories. Therefore, the 
outcome of the statistical analysis should be interpreted with 
caution. All tests were two‑sided, and P<0.05 was considered 
to indicate a statistically significant difference.

Results

Comparison of the expression of observed markers before and 
after therapy. The IHC assessment (Table SIV) of the paired 
tumour samples (before and after chemotherapy) from 62 
female patients with invasive breast carcinoma NST revealed 
a lower expression of PR (median before‑/after treatment 25/2; 
Z=3.7; P<0.001) and Ki‑67 (median 25/10; Z=2.7; P=0.01) 
following chemotherapy. No significant differences were 
observed in the expression of E‑cadherin, N‑cadherin, ER or 
HER2, or in the frequency of TNBC (P>0.05) when comparing 
tumours prior to and following treatment. In 4 cases, the 
expression of HER2 changed from negative to positive, and in 
3 of these the positive IHC result of 2+ was confirmed by FISH 
(the remaining tumour had the positive result of 3+ determined 
by IHC; Fig. S1). The tumour grade was not significantly 
affected following therapy (P>0.05). The assessment of the 
histological grade of residual tumours was often limited by the 
small amount of residual tumour tissue and/or the cytopathic 
effects of the drugs. The current study included a sample set 
made up of patients chosen for neoadjuvant chemotherapy, and 
therefore it included tumours of a higher grade when compared 
with other studies that analysed cohorts of unsorted patients 
with BC (34). The residual tumours following chemotherapy 
displayed either strong or minor regressive changes with 
fibrosis corresponding to Chevallier class III (48/62; 77%) or 
class IV (14/62; 23%), respectively (Fig. 1).

Membrane staining of claudin‑1 was punctate and 
less intense when compared with the more continuous 
moderate‑to‑strong staining of claudin‑3 and ‑4 found in the 
majority of the samples. Cytoplasmic and nuclear staining of 
claudin‑1 appeared in approximately one‑third of the samples. 
In ~20% of samples, cytoplasmic staining of claudin‑3 and ‑4 
was observed. The apicolateral polarity of claudin expression, 
which is common in non‑tumour breast epithelium (8), was 
absent in the tumour tissue for all three examined claudins 
(Fig. S2). The expression of claudin‑1 increased following 
neoadjuvant chemotherapy (median before‑/after treatment 
1.5/3; Z=2.2; P=0.03), but a decrease in claudin‑3 expression 
was observed (median 6/5; Z=2.8; P=0.005). Furthermore, 
a reduction in the expression of claudin‑4 following chemo-
therapy was observed (mean, 7.56 vs. 6.87), but this difference 
was not statistically significant (P>0.05; Figs. 2 and 3). 
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Table II summarizes simplified dichotomously categorized 
results from IHC analysis of expression of claudins and other 
observed markers.

No tumour tissues with low expression of all three clau-
dins (claudin‑1, ‑3 and ‑4) prior to therapy were observed in 
the current study; however, four such cases (4/62; 6%) were 
observed following therapy, all with simultaneous loss of 
E‑cadherin. Only one of these cases was TNBC and matched 
the suggested criteria for IHC identification of claudin‑low 
subtype. Another case of TNBC in the post‑therapy cohort 
(1/62; 2%) with low expression of claudin‑1 and ‑3 and reduced 
E‑cadherin expression matched the criteria only partially, as 
the present study did not include the analysis of claudin‑7. 
There were 11 cases (11/62; 18%) pre‑ and 10 cases (10/62; 
16%) post‑therapy that matched the suggested criteria for the 
claudin‑high subtype. Upregulation of HER2 was observed in 
2 (2/11; 17%) claudin‑high tumours pre‑ and in 1 tumour (1/10; 
6%) post‑therapy.

Association of the observed markers. A statistical analysis of 
the association of the expression of claudins and cadherins with 
other variables was performed (Tables SI‑III). However, the 
results have to be interpreted with caution due to the limited 
sample set. A negative association between the expression of 
claudin‑1 and ER [χ2=5.79; degrees of freedom (df)=1; P=0.02] 
was observed in tumours prior to chemotherapy but not in the 
residual tumour tissue following neoadjuvant chemotherapy. 
Claudin‑1 was inversely associated with PR (χ2=4.66; df=1; 
P=0.03) and HER2 (χ2=5.35; df=1; P=0.02) in the residual 
tumours following therapy, but not in the core biopsies prior 
to therapy. TNBC was associated with a high expression of 
claudin‑1 in tumours prior to (χ2=4.29; df=1; P=0.04) and 
following therapy (χ2=5.95; df=1; P=0.02). High expression of 
claudin‑1 was only associated with a high Ki‑67 expression 
following therapy (χ2=4.98; df=1; P=0.03). No association 
between claudin‑1 and either N‑cadherin or E‑cadherin was 
observed (P>0.05; Table SI).

Following therapy, the expression of claudin‑3 was posi-
tively associated with the expression of E‑cadherin (χ2=7.77; 
df=1; P=0.005). No association between claudin‑3 and 
the standard BC biomarkers or N‑cadherin was observed 

(P>0.05). A statistical evaluation for claudin‑3 before therapy 
and claudin‑4 in both sample sets was not performed due to the 
unequal distribution of data in the cohorts with high and low 
expression. Low expression of claudin‑3 was only observed in 
3 cases and low expression of claudin‑4 was observed in 1 case 
before therapy and 4 cases after therapy (Table SII).

The expression of N‑cadherin had a negative association 
with ER (χ2=6.68; df=1; P=0.01) and PR expression (χ2=4.45; 
df=1; P=0.04) in tumours before therapy and a positive asso-
ciation with HER2 (χ2=6.40; df=1; P=0.01) in tumours after 
therapy. Positive N‑cadherin expression was more frequently 
observed in tumours with a higher grade both before (χ2=4.45; 
df=1; P=0.04) and after therapy (χ2=6.46; df=1; P=0.01). An 
association between the expression of E‑cadherin and stan-
dard BC biomarkers was not observed (P>0.05). Interestingly, 
no association between the expression of E‑cadherin and 
N‑cadherin was observed (P>0.05). Although reduction or loss 
of E‑cadherin was observed in 15 tumors before (15/62, 24%) 
and 18 after therapy (18/62, 29%), and N‑cadherin positivity 
was observed in 15 tumors before (15/62, 24%) and 14 after 
therapy (14/62, 23%), both of these features simultaneously 
were detected only in 5 tumours pre‑ (5/62; 8%) and 4 post‑ 
(4/62; 6%) therapy (Table SIII).

A larger extent of tumour regression after therapy 
(Chevallier class III) was associated with higher Ki‑67 before 
treatment (χ2=5.97; df=1; P=0.02), when considering only 
the histological characteristics of the primary tumour and 
not other clinicopathological data (data not shown). Other 
markers did not show any association with the histologically 
assessed tumour regression after therapy (P>0.05). However, 
this finding was not conclusive as tumours with a regression of 
Chevallier class I and II were not included in the current study 
due to the absence of invasive cancer in these samples.

Discussion

Claudins are involved in carcinogenesis and cancer progres-
sion. Their involvement in the EMT and response to 
chemotherapy has previously been investigated (12,20‑22,26). 
However, their exact role and relevant regulatory mechanisms 
remain unclear. The expression pattern of several members 

Figure 1. Representative images of invasive breast carcinoma NST prior and following neoadjuvant chemotherapy. (A) Invasive breast carcinoma NST of a 
solid architecture in a core needle biopsy prior to therapy. Haematoxylin and eosin staining, magnification, x200. (B) Residual carcinoma of a predominantly 
solid architecture with scattered cribriform pattern with regressive changes [focal necrosis (black asterisks) and fibrosis (white asterisk)] following therapy. 
Haematoxylin and eosin staining, magnification, x100. NST, no special type.
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Figure 2. Representative images of changes in the expression of claudins in invasive breast carcinoma no special type following neoadjuvant chemotherapy. 
(A) Punctate membranous positivity of claudin‑1 in a core needle biopsy prior to therapy. Magnification, x200. (B) Strong and continuous membrane staining 
of claudin‑1 in the residual cancer from the same patient. Magnification, x600. (C) Punctate‑to‑continuous membranous positivity of claudin‑1 in a core needle 
biopsy prior to therapy. Magnification, x200. (D) Similar staining pattern of claudin‑1 in the residual cancer from the same patient. Continuous and intense 
positivity was observed in ductal carcinoma in situ (black arrow) and in the small residual non‑tumour duct (white arrow). Magnification, x200. (E) Strong and 
continuous membranous staining of claudin‑3 in a core needle biopsy prior to therapy. Magnification, x600. (F) Faint claudin‑3 staining in the residual cancer 
from the same patient. Magnification, x600. (G) Moderate membranous positivity of claudin‑4 in a majority of the tumour cells in a core needle biopsy before 
therapy (retraction artefacts). Magnification, x600. (H) Similar staining pattern of claudin‑4 (comparing membranous positivity only) in the residual cancer 
from the same patient. Magnification, x200.
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of the claudin family has been described in numerous types 
of tumours including breast, ovarian, pancreatic or pros-
tate cancer and can be employed in the diagnostic process 
namely in gynecological and renal carcinomas or mesothe-
lioma (29,35,36). Analysis of claudin expression has been 
suggested to enhance the molecular classification of BC 
and may therefore affect the indication for chemotherapy 
in the future, although the use of molecular classification in 
clinical practice remains questionable (1,6). A large number 
of patients with BC selected for neoadjuvant therapy receive 
chemotherapy twice during treatment. The selective pressure 
of chemotherapy on cancer cells may change the expression 
profile of a tumour and thereby lead to a loss of sensitivity to 
anticancer drugs (37,38).

Previous studies have compared the expression of the 
standard IHC BC markers in diagnostic core needle biopsies 
and surgical specimens in patients who did and did not receive 
neoadjuvant chemotherapy. In patients who did not receive 
neoadjuvant chemotherapy, a high concordance was found 
for all four markers (39‑41). However, the majority of studies 
focusing on patients after chemotherapy revealed substantial 
changes in these markers (42‑51). We observed a decrease of cell 
proliferation (Ki‑67) and PR expression, and only insignificant 
changes of ER after therapy. This result is in accordance with 
previous studies that reported similar IHC evaluation of the 
expression of standard BC markers (43,49‑51). The decrease of 
Ki‑67 expression after chemotherapy may be due to the anti-
proliferative effects of common anticancer drugs (47,48,52). 
The data obtained in the current study suggested that HER2 
expression was unchanged after chemotherapy, which was also 
reported in a previous study (42). However, this finding is not 
in agreement with previous studies that described either down-
regulation (45) or upregulation of HER2 after therapy (53). In 
other studies, the IHC evaluation of the HER2 status pre‑ and 
post‑ therapy revealed stronger discrepancies, while the status 
of gene amplification assessed by FISH was reported as rather 
stable (44,46). In the present study, both techniques (IHC 
and FISH) were used according to the American Society of 
Clinical Oncology guidelines (54), with concordant results. 
However, in certain tumours the areas of HER2 overexpres-
sion are only focal and might be missed in the core needle 
biopsy (55), which may result in the ambiguity of the results 
reported in literature.

The present study revealed a significant upregulation of 
claudin‑1 and a downregulation of claudin‑3 after chemo-
therapy. Furthermore, claudin‑4 expression was downregulated 

Figure 3. Changes in claudin expression following neoadjuvant chemotherapy. 
Expression of claudin‑1 increased after therapy, while a decrease in expression 
was observed for claudin‑3. Expression of claudin‑4 did not change significantly.

Table II. Immunohistochemical characteristics of invasive 
breast carcinoma prior and following therapy.

 Pre therapy, Post therapy, 
Marker n (%) n (%)

Claudin‑1
  High 25 (40) 34 (55)
  Low 37 (60) 28 (45)
Claudin‑3
  High 59 (95) 51 (82)
  Low 3 (5) 11 (18)
Claudin‑4
  High 61 (98) 58 (94)
  Low 1 (2) 4 (6)
E‑cadherin
  Normal  47 (76) 44 (71)
  Aberrant 15 (24) 18 (29)
N‑cadherin
  Negative 47 (76) 48 (77)
  Positive 15 (24) 14 (23)
ER 
  Positive  45 (73) 48 (77)
  Negative 17 (27) 14 (23)
PR
  Positive 39 (63) 35 (56)
  Negative 23 (37) 27 (44)
HER2
  Positive  8 (13) 12 (19)
  Negative 54 (87) 50 (81)
Ki‑67
  High 43 (70) 25 (40)
  Low 19 (30) 37 (60)
Triple‑negative breast cancer 12 (19) 10 (16)

The level of expression is categorized high‑low, positive‑negative or 
normal‑aberrant according to the expected impact on tumour biology 
and/or response to therapy. ER, oestrogen receptor; PR, progesterone 
receptor; HER2, human epidermal growth factor receptor 2; Ki‑67, 
marker of proliferation Ki‑67.
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but not significantly. The expression of claudin‑1 is frequently 
decreased or lost in cancer cells when compared with the 
luminal cells of non‑tumour breast tissue (30), a feature that 
was also observed in the current study. Claudin‑1 may act as a 
tumour suppressor or tumour enhancer, depending on cancer 
type and other not yet well understood conditions (12,26). 
As the role of claudin‑1 is possibly not limited to tight 
junctions, cytoplasmic or nuclear expression is a common 
finding (26,56). As a tumour suppressor, its reduced expres-
sion may facilitate the EMT and collective migration and may 
contribute to chemoresistance (26,57,58). However, the current 
study revealed an increased expression of claudin‑1 after 
therapy, suggesting that other mechanisms may be involved. 
Our data also showed an association between high expression 
of claudin‑1 and increased rates of cell proliferation.

In the current study, a high expression of claudin‑1 was 
more frequently observed in TNBC irrespective of the admin-
istered treatment, which is in concordance with studies that 
described a higher expression of claudin‑1 in basal‑like BC, 
which includes mainly TNBC (30,59). Furthermore, the data 
obtained in the current study suggested that a high expression 
of claudin‑1 was more common in ER‑negative breast tumours 
before treatment, and in PR‑negative or HER2‑negative 
tumours after treatment. A higher expression of claudin‑1 in 
ER‑negative compared with ER‑positive BC has been previously 
described (26,60). Additionally, in the current study, positive 
expression of N‑cadherin was more frequently observed in ER‑ 
or PR‑negative BC prior to treatment, and in HER2‑positive 
BC following treatment. The upregulation of N‑cadherin 
contributes to the invasive phenotype and metastatic potential 
of moderately‑to‑poorly differentiated breast carcinomas, 
which often lose the expression of hormonal receptors and/or 
overexpress HER2 (61,62). The current study did not reveal 
an association between claudin‑1 and N‑cadherin expression, 
despite the fact that they share some common features in rela-
tion to standard BC markers, namely, expression of ER and PR.

The expression of claudin‑3 and ‑4 is high in the luminal 
cells of non‑tumour breast tissue, and typically remains 
high in BC (8‑11). Concordantly, a high expression of these 
claudins was found in the majority of breast tumour samples 
in the current study, despite a decrease in expression after 
chemotherapy. Claudin‑3 and ‑4 are considered to maintain 
the epithelial phenotype of epithelial cells by modulating the 
expression of major EMT proteins, specifically by maintaining 
the expression of E‑cadherin (21). The results obtained in the 
current study suggest an association between the expression of 
E‑cadherin and claudin‑3.

Considering the interactions between claudins and 
cadherins, the reduced expression of claudin‑3 and ‑4 in 
neoplastic cells may increase the resistance to chemotherapy. 
The results obtained in the current study support this theory, 
as a reduction of the expression of both these markers after 
therapy was observed. However, previous studies reported 
conflicting results and may be difficult to interpret in relation 
to the current study as the majority of those studies focused on 
ovarian cancer and platinum‑based chemotherapy (57,58,63). 
While platinum‑based chemotherapy may be used in the 
treatment of BC, drugs such as anthracyclines and taxanes 
are more commonly indicated. Nevertheless, a summary of 
the aforementioned studies suggests the possibility that a 

reduced expression of claudin‑3 and ‑4 increases the resis-
tance to chemotherapy, although the influence of factors 
such as the type of cancer or chemotherapy used cannot be 
excluded (12).

Despite the fact that high expression of claudin‑3, claudin‑4 
and E‑cadherin is common in invasive breast carcinoma NST, 
their association with standard BC markers remains unclear. 
Previous studies detected a slightly higher expression of 
claudin‑3 in ER‑positive compared with ER‑negative tumours, 
a higher expression of claudin‑4 in ER‑negative and basal‑like 
tumours (TNBC) and a more frequent aberrant expression 
of E‑cadherin in ER‑negative tumours. However, these asso-
ciations were not observed in other studies (30,33,60,64,65). 
The data obtained in the current study were insufficient for 
statistical evaluation of the association between claudin‑4 
and any other marker, and only partially sufficient for the 
evaluation of claudin‑3. No associations between claudin‑3 
and the hormonal receptors, HER2 and Ki‑67 were observed. 
Similarly, E‑cadherin was not found to be associated with any 
of the standard BC markers.

Claudin‑low BC is more frequent among residual tumours 
after chemotherapy, which is also supported by our experience 
from the current study (12,66). However, the suggested IHC 
criteria for the identification of this subgroup do not fully 
overlap with the molecular claudin‑low subtype. Since earlier 
studies presented claudin‑low tumours as mostly TNBC, this 
feature has been included in the IHC criteria (5,15). Later, 
however, it was demonstrated that this molecular subtype 
contains a proportion of ER‑positive and non‑TNBC tumours, 
suggesting a large heterogeneity of this subtype (66). The 
relevance of the claudin‑low and ‑high subgroups remains to 
be established (1,6).

Assessment of the tumour grade post‑chemotherapy has its 
limitations and must be considered with caution. The results 
obtained in the current study do not indicate marked changes 
in tumour differentiation after therapy. The only marker from 
the studied proteins that reliably associated with tumour grade 
was N‑cadherin, the expression of which is associated with 
increased invasiveness of poorly differentiated tumours (61,62). 
The results obtained in the current study did not reveal an asso-
ciation between tumour grade and E‑cadherin, the expression 
of which is more frequently reduced in poorly differentiated 
carcinomas when compared with well‑differentiated invasive 
breast carcinomas NST (62,67). However, this feature may have 
been obscured by the limited number of well‑differentiated 
tumours (grade 1) in the current study.

Previous studies reported a wide range (0‑45%) of aber-
rant E‑cadherin expression in invasive breast carcinoma 
NST (33,62,67). Positive expression of N‑cadherin in invasive 
breast carcinoma NST reaching 50% has been reported, 
which is twice that observed in the current study; however, the 
studies reporting this only took into account moderately and/or 
poorly differentiated tumours (61,62). The involvement of both 
cadherins in the chemotherapy response may be due to their role 
in the EMT (68,69). The downregulation of E‑cadherin and the 
upregulation of N‑cadherin increase chemoresistance (68,69). 
However, in the current study, the changes in expression of 
the two cadherins following the therapy were not statistically 
significant. The upregulation of N‑cadherin does not have to 
be accompanied by the downregulation of E‑cadherin, despite 
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the already described phenomenon of cadherin switch (24,25). 
Furthermore, a significant dependence was not observed 
in the current study. Although E‑cadherin downregulation 
was observed in approximately one‑quarter of the examined 
tumours, and N‑cadherin positive expression was observed 
in a similar proportion of the tumours, only one‑third of the 
tumours exhibited these features simultaneously.

In summary, the current study described significant 
changes in the expression of claudin‑1 and ‑3 but not in the 
expression of claudin‑4, E‑ and N‑cadherin in BC following 
chemotherapy. Moreover, the current study revealed a number 
of associations between the expressed markers, recently 
described in other studies (21,26,30,59,60‑62), which suggested 
that such phenomena may frequently occur in BC. The present 
study revealed that high expression of claudin‑1 was observed 
more frequently in ER‑ and triple‑negative tumours. The asso-
ciation of claudin‑1 expression with Ki‑67 and HER2 requires 
further investigation. The association between claudin‑3 
and E‑cadherin corresponds with their role in maintaining 
epithelial phenotype. The higher frequency of N‑cadherin 
positive expression in poorly differentiated tumours corre-
sponded with the loss of hormonal receptors and HER2 
upregulation. The current study was limited by the value of 
the statistical analyses performed due to the small sample 
size. Further validations on larger cohorts of patients are 
required to elucidate the underlying regulatory mechanisms.
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