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Abstract 
Recent studies provide compelling evidence to suggest that the tight junction protein claudin 1, aberrantly 

expressed in several cancer types, plays an important role in cancer progression. Dysregulation of claudin 1 has 

been shown to induce epithelial mesenchymal transition (EMT). Furthermore, activation of the ERK signaling 

pathway by protein kinase C (PKC) was shown to be necessary for EMT induction. Whether PKC is involved in 

regulating breast cancer progression has not been addressed. The PKC activator 12-O-tetradecanoylphorbol 13
acetate (TPA) was used to investigate the effect of PKC activity on claudin 1 transcription and protein levels, 
subcellular distribution, and alterations in EMT markers in human breast cancer (HBC) cell lines. As well, tissue 

microarray analysis (TMA) of a large cohort of invasive HBC biopsies was conducted to investigate correlations 

between claudin 1 and PKC isomers. TPA upregulated claudin 1 levels in all HBC cell lines analyzed. In particular, a 

high induction of claudin 1 protein was observed in the MCF7 cell line. TPA treatment also led to an accumulation 

of claudin 1 in the cytoplasm. Additionally, we demonstrated that the upregulation of claudin 1 was through the 

ERK signaling pathway. In patient biopsies, we identified a significant positive correlation between claudin 1, 
PKCα, and PKCε in ER+ tumors. A similar correlation between claudin 1 and PKCε was identified in ER− tumors, 
and high PKCε was associated with shorter disease-free survival. Collectively, these studies demonstrate that 
claudin 1 and the ERK signaling pathway are important players in HBC progression. 
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troduction 
he claudins are a family of integral membrane proteins central to the 
rmation of the tight junctions (TJs) of epithelial cells [1–4]. These 
J proteins are directly involved in the paracellular sealing between 
jacent cells [1–4] where they provide a “fence” and a “barrier” 
nction, facilitating the active transport of small ions and nutrients 
tween these cells [5]. As well, TJ proteins are also considered key 
ayers in maintaining apical and basolateral polarity across the 
asma domains [6–11, for review: 12–14]. Claudin 1, the first of 24 
embers of this family of proteins to be identified [1,2], forms the 
ckbone of the TJ in epithelial cells [15] and plays a vital role in 
gulating epithelial barrier function. Claudin 1–deficient mice die 
ithin 1 day of birth [15]. 
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Currently, there exists a wealth of accumulating evidence which 
ows that some members of the claudin family, in particular claudin 1, 
hibit abnormal gene expression and are associated with the cellular 
sregulation and progression in human cancers [13,14,16–22]. 
uring cancer progression, the upregulation of claudin 1 has been 
own to lead to the promotion of epithelial mesenchymal transition, 
MT [23–25], cellular invasion and migration [21,24–30],  as well as  an  
cumulation or mislocalization of the claudin 1 protein in the 
toplasm [21,24,25,28,29,31–33]. The more recent observation that 
me aggressive breast cancers are associated with low levels of claudin 
otein family members, 3, 4, 5, and 7 has now led to the consensus to 
fine a new molecular subtype of breast cancers, the “claudin low” 
btype [34,35]. These claudin low breast tumors were generally 
rived from patients diagnosed with poor prognoses [36]. Conversely,  
gh levels of claudin 1 have also been identified in, and associated with, 
e aggressive breast cancer phenotype. Original studies from our 
boratory [31,37,38] and later others [39] identified an association 
tween high claudin 1 expression/levels and breast cancer invasiveness. 
 a large cohort of human breast cancers of mixed pathologies, we 
und a significant correlation between high claudin 1 levels and the 
sal-like subtype, an aggressive form of breast cancer [31,37]. High  
vels of claudin 1 have also been identified in the BRCA1 breast 
ncers, a tumor type that is linked to poor prognosis [40]. Additionally, 
mors of the luminal subtype have been reported to exhibit high 
audin 1 levels [39]. Whether these tumors are yet another new subtype 
 breast cancer warrants further investigations. Thus, the role of claudin 
in breast cancer appears to be quite complex, and the range of levels 
ported among the different subtypes suggest that other mitigating 
ctors, including the interaction with mediators in signaling pathways, 
ch as the protein kinases, that play a role in cancer, may also impact 
e role of  claudin 1 during breast  cancer  progression.  
The multi-isomer protein kinase C (PKC) family of serine-threonine 
nases, 12 identified to date [41,42], plays regulatory roles in normal 
ssue as well as cancer. The most studied conventional isomers are 
KCα, PKCδ, PKCε, and PKCγ, which, in healthy tissues, have been 
own to be important in regulating epithelial barrier function and 
ammary gland development [43–45; for review, 46]. Among the PKC 
omers, much variation exists in terms of expression profile and 
echanism of action [47,48]. As well, many PKC isomers have also 
en shown to be involved in cancer progression and metastasis [49–51; 
r review, 52] and play roles in both tumor suppression and/or 
omotion [53–55]. Notably, aberrant kinase activity to date has been 
ked to nearly 25% of all cancers [52]. 
A molecular connection between PKC and claudin 1 has now also 
en identified in several cancers, as an increasing number of studies 
ow that PKC activity is important in regulating claudin 1 expression 
1,43,56–58]. In these cancers, PKC activation led to increases in 
audin 1 expression, alterations in EMT markers, increased cell 
otility, and enhanced aggressiveness [18,21,23,26,59], all of which 
ve been proposed as possible mechanisms underlying claudin 1– 
pendent changes. PKC activation has also been associated with a 
islocalization of claudin 1 from the cell membrane to the cytoplasm 
ring cancer progression, and such mislocalization has been linked to 
hanced metastatic potential [18,21,59]. However, a link between 
KC and claudin 1 has not been demonstrated in breast cancer. 
In the present study we investigated the effect of PKC activity on 
audin 1 regulation in breast cancer. Using the PKC activator 12-O
tradecanoylphorbol 13-acetate (TPA) and a panel of human breast 
ncer cell lines, we examined TPA effects on claudin 1 transcription 
d protein levels, subcellular distribution and cell proliferation, as 
ell as alterations in EMT markers. We showed that PKC activation 
ghly upregulated claudin 1 expression in MCF7 human breast 
ncer cells in vitro and that activation of PKCε was involved. We 
so determined that the TPA-stimulated claudin 1 upregulation was 
rough the ERK pathway. Furthermore, using a large cohort of 
man breast cancer biopsies, we have identified a positive correlation 
tween claudin 1 and PKCε. Collectively, these studies point to an 
portant relationship between claudin 1, PKCε, and the ERK 
thway during breast cancer progression and provide evidence to 
ggest that PKC activation is involved in the increased claudin 1 
vels associated with some breast cancer subtypes. 
aterials and Methods 

ell Culture 
The human breast cancer (HBC) cell lines MCF7, BT-20, MDA
B231, ZR75, and T47D and the non-tumorigenic human breast 
ithelial cell line MCF10A were obtained from the American Type 
ulture Collection (ATCC) and authenticated by Genetica DNA 
aboratories (Burlington, NC). The Madin-Darby Canine Kidney 
DCKII) epithelial cell line was also purchased from ATCC. 
CF7, MDA-MB231, T47D, ZR75, and MDCKII cells were 
ltured in high-glucose Dulbecco’s modified Eagle’s medium  
MEM; 4.5 g/l glucose, Hyclone Laboratories Inc., Logan, UT) 
ith 10% fetal bovine serum supplemented with 50 U/ml penicillin, 
 μg/ml streptomycin, 2 mM glutamine (all purchased from 
yclone Laboratories Inc.), and 10 μg/ml bovine insulin (Sigma-
ldrich Canada Co., Oakville, ON, Canada). BT-20 cells were 
ltured in Eagle’s Minimum Essential Medium (Lonza Inc., 
illiamsport, PA) with 10% fetal bovine serum and supplemented 
ith 50 U/ml penicillin, 50 mg/ml streptomycin, and 1 mM pyruvate 
ll purchased from Hyclone Laboratories Inc.). MCF10A cells were 
own in DMEM (4.5 g/L glucose) supplemented with 50 U/mL 
nicillin, 50 mg/mL streptomycin, 2 mM glutamine, and 5% horse 
rum (Hyclone Laboratories Inc.); 10 μg/ml bovine insulin, 1μM 
drocortisone, and 0.1 μg/ml cholera toxin (Sigma-Aldrich Canada 
o.); and 20 ng/ml human epidermal growth factor (EGF; EMD 
illipore Corp., Temecula, CA). All cells were grown at 37°C in an 
mosphere of 95% air and 5% CO2. 

estern Blot Analysis 
Cells were lysed in isolation buffer [50 mM Tris-Cl pH 6.8; 5% 
dium dodecyl sulfate (SDS); 20 mM EDTA; 5 mM β
ycerophosphate] containing complete mini protease inhibitor 
cktail (Roche Diagnostics, Laval, QC, Canada). Protein concen
ation was determined using the mini BCA assay (Pierce 
iotechnology, Rockford, IL). Samples were mixed 3:1 with 4× 
S buffer [(500 mM Tris, pH 6.8) 40% glycerol, 8% SDS, 0.04% 
/v) bromophenol blue and 0.4 M dithiothreitol], boiled for 5 
inutes at 100°C, and electrophoresed in SDS polyacrylamide gels. 
Western blotting was performed as previously described [33] using 
e following primary antibodies: rabbit claudin 1 (1:200; Life 
echnologies Inc., Burlington, ON, Canada; cat. #51-9000); mouse 
actin, (1:5000, Abcam Inc., Toronto, ON, Canada; cat. #ab8226); 
ouse E-cadherin (1:500, Life Technologies Inc.; cat. #33-4000); 
bbit β-catenin (1:1000; cat. #8480), rabbit P44/42 MAPK 
RK1,2; 1:1500; cat. #4695), rabbit phospho-p44/42 MAPK 
HR202/Tyr204; 1:1000; cat. #4370), rabbit SAPK/JNK 
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:1000; cat. #9258), and rabbit phospho-SAPK/JNK (Thr183/ 
yr185; 1:1000; cat. #4668), all purchased from Cell Signaling 
echnology (Danvers, MA). 
Signals were developed with Pico chemiluminescence substrate 
ierce Biotechnology) and visualized on X-ray films. Densitometry 
 scanned images was carried out using the Image Studio Lite 
ftware v.5.2 (LI-COR Biosciences, Lincoln, NE). 

bcellular Fractionation 
Cells were grown to 90% confluency, and subcellular fractions were 
olated using the ProteoExtract Subcellular Proteome Extraction Kit 
-PEK, Calbiochem) according to the manufacturer’s instructions.  
otein fractions were subjected to acetone precipitation, and pellets 
ere reconstituted in sample isolation buffer (50 mM Tris-Cl pH 6.8; 

 SDS; 20 mM EDTA; 5 mM β-glycerophosphate, containing 
mplete mini protease inhibitor cocktail). The mini BCA assay 
ierce Biotechnology) was used to determine the protein concentration 
 each fraction, prior to equal loading in 15% SDS-polyacrylamide 
ectrophoresis gel and Western blotting with the claudin 1 (Life 
echnologies Inc.), E-cadherin (Life Technologies Inc.), and the 
eroid receptor activator protein (SRAP, 743A; Bethyl Laboratories, 
ontgomery, TX). 

able Transfection of MCF7 Cells with the Claudin 1-GFP 
onstruct 
The full-length coding sequence of the human claudin 1 gene was 
oned in frame with an N-terminally fused GFP-sequence of the 
GFP-C1 vector (a gift from Dr. Claas Ruffer, Institute of Medical 
iochemistry, University of Munster, Germany). MCF7 cells were 
ably transfected using Lipofectamine 2000 (Life Technologies Inc). 
ngle clones were selected using Geneticin (Life Technologies Inc.), 
d exogenous claudin 1 was confirmed by Western blotting and 
munofluorescence (IF) analysis. 

 Microscopy 
For IF staining, cells were cultured on glass coverslips and fixed 
ith ice-cold 100% methanol. Cells were permeabilized with 0.2% 
ween-20 in PBS, blocked with 1% BSA in PBS, and incubated with 
e E-cadherin mouse polyclonal primary antibody or the mouse zona 
cludin 1 (ZO-1) antibody (Life Technologies Inc.; 1:50 dilution for 
th antibodies). The cells were washed with PBS and incubated with 
e claudin 1 rabbit primary antibody (Life Technologies Inc., 
lution 1:50) overnight at 4°C in a humid chamber. They were then 
cubated with secondary anti-rabbit antibody conjugated with 
lexaFluor 488 and anti-mouse antibody conjugate with AlexaFluor 
5 (dilution 1:1000 each, Life Technologies Inc.) for 1 hour at room 
mperature. Cells were washed three times with PBS and incubated 
ith 4′,6-diamidino-2-phenylindole-dihydrochloride and mounted 
 FluorSave (Calbiochem, Billerica, MA). Fluorescent images were 
ptured with a Zeiss AxioObserver Z1 microscope using AxioVision 
el.4.8 software (Carl Zeiss, Jena, Germany). 

CR 
RNA was reverse transcribed using the iScript cDNA synthesis kit 
io-Rad Laboratories Inc.) according to the manufacturer’s 
structions. For assays on the ABI 7500 qPCR system, 2 μl of the 
T reaction (50 ng total RNA) was added to a 96-well plate 
icroAmp Optical 96-well reaction plate, Applied Bisosystems) 
gether with 18 μl of a reaction mix consisting of 10 μl SsoAdvanced 
niversal SYBR Green Supermix (Bio-Rad Laboratories Inc.) and 
5 μl (250 nM final concentration) of claudin 1 forward 
’cgggttgcttgcaatgtgc3’) and reverse (5’ccggcgacaacatcgtgac3’) 
imers and 7 μl nuclease-free water. Thermal cycling profile 
nsisted of polymerase activation and DNA denaturation; 98°C 
r 30 seconds followed by 40 cycles of 95°C for 15 seconds and 60°C 
r 60 seconds. Cycle threshold (Ct) and relative quantitation values 
ere calculated automatically by the ABI 7500 instrument software. 
ormalization was carried out using the Cts derived from qPCR with 
clophilin primers (forward; 5’ccagttcatgtgccagggcggtga3’; reverse; 
aagaactgagagccattggtgtttggg 3’) and was calculated via the ΔΔCt 
ethod [60]. 

PA Treatment 
PKC Inhibitor Studies. Pretreatment with the pan PKC inhibitor 
F109203x, 3 μM, Sigma-Aldrich Canada Co.), the ERK inhibitor 
0126, 10 μM, EMD Millipore, Etobicoke, Canada), the JNK 
hibitor II (20 μM, EMD Millipore), the PKC α/β/μ inhibitor 
o6976, 1 μM, EMD Millipore), or the PKC δ inhibitor (Rottlerin, 
μM, EMD Millipore) was initiated 1 hour prior to TPA treatment. 
ells were then treated with 100 nM TPA (Sigma-Aldrich Canada 
o.) or vehicle control (dimethyl sulfoxide, DMSO). 
Cell Counting Assays. Cells were plated in 24-well cell culture 
shes in DMEM. After 24 hours, the medium was changed to 
MEM supplemented with 100 nM TPA (Sigma-Aldrich Canada 
o.) or vehicle control (DMSO). The medium was then replaced 
ery 2 days for 6 days. On day 6, cells were detached from three 
parate wells using 0.05% trypsin (Hyclone Laboratories Inc.) and 
unted using the TC-1 counter (Bio-Rad Laboratories Inc.). 
Cellular Localization Studies. Cells stably transfected with the 

audin 1-GFP construct were treated with 100 nM TPA (Sigma-
ldrich Canada Co.) or vehicle control (DMSO) for 18 hours. GFP 
gnal was visualized using a Zeiss Axio Observer D1 inverted 
icroscope and an Axio Cam MR3 camera. Images were acquired 
ith a LD Plan-Neofluar 40×/0.6 objective and 62HE filter with ex 
3 nm and em 517 nm with an exposure time of 548 milliseconds 
r all samples. 

issue Microarray Analysis 
TMAs of breast tumor biopsies were obtained from the Manitoba 
reast Tumour Bank (MBTB, University of Manitoba), which 
erates with the approval from the Faculty of Health Sciences, 
niversity of Manitoba, Research Ethics Board at the Bannatyne 
ampus. Collection, handling, and histopathological assessment of 
mor tissues have been previously described [31,61]. The breast 
ncer TMAs were comprised of a cohort of 768 breast tumor 
opsies/specimens (consisting of 447 ER− and 321 ER+ tumors). 
he estrogen receptor (ER) and progesterone receptor (PR) status was 
termined by the ligand binding assay (ER+ ≥3 fmol/mg protein, PR 
≥10 fmol/mg protein). The clinicopathological characteristics of the 
tient cohorts were provided by the MBTB and used for statistical 
alyses. 

munohistochemistry 
TMAs. Immunohistochemistry (IHC) was performed on TMAs 
ing the methods as described previously [31,61]. Briefly, serial 
ctions (5 μm) of the TMAs were stained with rabbit polyclonal 
tibodies to claudin 1 at a dilution of 1:150 (Life Technologies Inc., 
urlington, ON, Canada), rabbit polyclonal PKCα C-20 (Santa Cruz 
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Figure 1. Endogenous claudin 1 protein levels in human breast cancer cell lines. Western blot analyses showing claudin 1 protein in a 
panel of human breast cancer cell lines. High levels of claudin 1 protein are shown in the T47D, MCF10A, and BT20 cell lines, whereas 
ZR75, MDA-MB231, and MCF7 cells displayed low levels of endogenous claudin 1. The nontumorigenic MDCKII cell line which exhibits 
high endogenous levels of claudin 1 was used as a positive control for claudin 1. β-Actin was used as a control for protein loading. ER+, 
estrogen receptor positive; ER−, estrogen receptor negative. 

Figure 2. Subcellular localization of claudin 1 in human breast cancer cell lines. (A) IF microscopy was used to detect claudin 1 in breast 
cancer cell lines. The adheren junction protein E-cadherin was used as a positive control for membrane staining, and the MDCKII cells 
were used as a positive control for claudin 1 membrane localization. (B) Western blot analysis showing relative levels of claudin 1 in 
different subcellular fractions from two representative cell lines. SRA (steroid receptor RNA activator) and E-cadherin were used to 
confirm cytoplasmic (C) and membrane (M) fractions, respectively. Scale bars = 20μm. 
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Image of Figure 2
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A C 

B 

Figure 3. Immunohistochemical analysis of the claudin 1 protein in normal breast tissue and breast cancer. Representative claudin 1 
staining in human invasive breast cancer, and healthy normal mammary ductal epithelial cells are shown. Tumor depicted in panel A 
shows both membrane (black arrows) and cytoplasmic staining (red arrows), while the tumor in panel B shows only cytoplasmic staining 
(red arrows). (C) Normal ductal epithelial cells in a healthy mammary gland tissue show high levels of claudin 1, while the basal-like 
myoepithelial cells (depicted by the arrows) are primarily negative. Scale bars = 20μm. 
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iotechnology Inc.) at a dilution of 1:750, or the rabbit polyclonal 
Cε C-20 (Santa Cruz Biotechnology Inc.) at a dilution of 1:750. 

he paraffin-embedded tissue sections were processed using the 
tomated Leica BOND Rx system. Tissues were processed and 
cubated for 60 minutes with the primary antibody and 30 minutes 
ith the secondary antibody following standard protocol. Validation 
 the claudin 1 antibody has been described previously [31]. The 
lidation of the PKCα antibodies included using PKCα knockout 
ouse material, blocks provided by Michael Leitges, Biotechnology 
entre of Oslo, University of Oslo [62]. 
Antibodies to CK5/6 (D5/16B4, Life Technologies Inc.), EGFR 
C6, Ventana Systems), and HER2 (Cb11, NovaCastra, Concord, 
N, Canada) were used as already detailed [37]. Only those tumors 
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 hours, as described in Materials and Methods). PKC activation led 
vels (n = 3 experimental replicates). 
om which we were able to retrieve interpretable data (intact, 
folded tumor sections) were considered for analysis. As well, of our 
8 patient sample cohort, some tumor cores were unavailable for 
alysis due to exhaustion of the TMA. All IHC data were compiled 
to the database maintained by the MBTB and made available for 
rrelation analyses and other statistical comparisons. 
Quantification and Cutoff Selection. Positive staining of antibody 

as assessed by light microscopy. A semiquantitative assessment 
rategy of the stained tissues was employed as previously described 
1,37]. Both staining intensity (scale 0-3) and the percentage of 
sitive cells (0-100%) were multiplied to generate an H score 
nging from 0 to 300. TMA staining was evaluated independently by 
o investigators (A.B. and C.P.). Where discordance (i.e., different 
on of claudin 1 expression and increased protein level in a time-
rried out on MCF7 cells treated with TPA (100 nM TPA for up to 
to (A) a large fold increase in claudin 1 transcript and (B) protein 
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Figure 5. PKC activation leads to an increase in claudin 1 expression in several breast cancer cell lines but to a decrease in the 
nontumorigenic MDCKII cell line. Cells were treated with 100 nM TPA or vehicle control (DMSO) for 18 hours. Western blots of a 
representative experiment are shown for each cell line (left panels). The relative protein levels were determined by densitometry (right 
panels, mean ± SD for experimental replicates). (A) MCF7 cells; n=6. (B) MDA-MB231 cells; n=5. (C) BT-20 cells; n=4. (D) MDCKII cells, 
n=4. *Pb.05; Student’s t test. 
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ores given by different investigators) was found, cases were reevaluated 
d discussed and a consensus reached. Only tumor biopsies whose ER/ 
 status was determined by both ligand-binding assay (ER− b3 fmol/mg 
otein, PR− b10 fmol/mg protein) and by IHC (ER−/PR− b10% 
sitive cells) were considered as negative in this study. Primary  
tegorical analysis was as follows: positivity for CK5/6 and EGFR was 
t as ≥10% of cells staining, and for HER2, tumor cores that showed 
embrane-staining intensity of 2 or 3 were considered positive. The 
R+ cohort was comprised of 447 breast tumors. Further, using a 
rict criteria for the basal-like subtype (ER− PR−, HER2− and EGFR 
d/or  CK5/6 +),  128 tumors were identified by IHC as  having the  
LBC phenotype. Additionally, the 193 ER− tumors were designated as 
R−, nonbasal”. 

tatistical Analysis 
Analysis was carried out as previously described [25,26] using SAS 9.2 
AS, Cary, NC) statistical software. The Kruskal-Wallis test was used 
 compare the median H-scores for claudin 1. Associations between 
audin 1 and other clinical-pathological variables were tested using 
ntingency methods (continuity adjusted chi-square was used for node, 
e, and size data; exact linear association was used for grade). Pearson 
rrelation coefficients of claudin 1 protein with PKCα, PKCε, and  
inical-pathological characteristics of the breast tumor cohorts were 
lculated. Univariate survival analyses were performed using Cox 
gression to generate Kaplan-Meier curves. Overall survival (OS) was 
fined as the time from initial surgery to the date of death attributable 
 breast cancer only. Recurrence time was defined as the time from 
itial surgery to the date of clinically documented local or distant disease 
currence. The Student’s t test was used to interrogate the effect of TPA 
eatment on claudin1, E-cadherin, and β-catenin protein levels in cell 
es (GraphPad Prism 7, GraphPad Software Inc.). Analysis of variance 
NOVA) followed by Dunnett’s multiple comparison test was used to 
sess difference in claudin 1 levels in the presence of inhibitors. 
esults 

ocalization of Claudin 1 in Both the Membrane and Cytoplasm 
 Human Breast Cancer Cell Lines and Tumor Biopsies 
To understand the regulation of claudin 1 in HBC, baseline 
dogenous claudin 1 levels were examined in a panel of breast cancer 
ll lines. Western blot analysis showed varying levels of claudin 1 in 
e different cell lines. Whereas the MCF7, ZR75, and MDA
B231 exhibited low levels of endogenous claudin 1, very high levels 
ere observed in T47D and the BT20 HBC cell lines (Figure 1). As a 
sitive control for membrane claudin 1, we used the MDCKII 
ithelial cell line, which exhibits high levels of claudin 1 in the 
embrane. We found that this cell line, as well as the nontumori
nic human breast epithelial cell line MCF10A, both displayed high 
dogenous levels of membrane bound claudin 1. 
IF staining and subcellular fractionation strategies were further 
rried out to examine claudin 1 cellular distribution in the cell lines. 
 tight junction protein, claudin 1 is typically localized in the cell 
embrane. However, IF data revealed varying levels of both 
embranous and cytoplasmic claudin 1 staining in all the breast 
ncer cell lines analyzed (Figure 2). Interestingly, cytoplasmic 
aining was clearly visible in T47D cells, although these cells are 
own to have high endogenous claudin 1, very much comparable to 
e levels observed in the nontumorigenic cell line MCF10A. 
oreover, MCF7, which has little or no tight junctions [63], and the 
T20 cell line, both clearly displayed membrane staining for claudin 
 The MDCKII cells, known to exhibit well-defined tight junctions, 
vealed a clear chicken wire punctate pattern of membrane staining 
r claudin 1 but no cytoplasmic staining (Figure 2). Subcellular 
actionation studies were informative, primarily in confirming the 
esence or absence of claudin 1 within the two compartments, but 
wever were not reliable for precise quantification of the claudin 1 
otein. The SRAP, a cytoplasmic protein [64], and E-cadherin, a 

Image of Figure 5
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DMSO TPA 

A 

C 

B 

Figure 6. PKC increases accumulation of claudin 1 protein in the cytoplasm of MCF7 cells. (A) IF with the claudin 1 antibody was used to 
show TPA treatment increased accumulation of endogenous claudin 1 in the cytoplasm of MCF7 cells. (B, C) Exogenous GFP-tagged 
claudin 1, visualized using a Zeiss Axio Observer D1 inverted microscope, was also increased in the cytoplasm following TPA treatment. 
Scale bars = 20 μm. 
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embrane bound adhesion protein, were used as controls to confirm 
toplasmic and membrane fractions, respectively (Figure 2). 
IHC analysis of human invasive breast cancer biopsies revealed a 
ffuse pattern of staining for claudin 1 in the tumor cells (Figure 3). 
oreover, in this study as well as in an earlier study [37], we found  that  
me breast tumors displayed both membranous and cytoplasmic 
aining for claudin 1 (Figure 3A), while others showed only 
toplasmic staining (Figure 3B). In the normal human mammary 
and tissue, notably, claudin 1 staining was observed only in the 
ctal epithelial cells but not in the basal-like myoepithelial cells 
igure 3C). 

pregulation of Claudin 1 at Both the Transcriptional and 
rotein Levels and Retention in the Cytoplasm 
To interrogate PKC upregulation of claudin 1 in breast cancer, the 
BC cell line MCF7, which exhibits low levels of endogenous 
audin 1 expression, was treated with TPA. TPA induction at 18 
urs resulted in a dramatic upregulation of claudin 1 (Figure 4) at  
th the transcriptional (N100-fold, Figure 4A) and protein level 
igure 4B). TPA upregulation of claudin 1 was also observed in the 
her HBC cell lines examined in our panel, irrespective of their 
dogenous claudin 1 levels (Figure 5, A-C). Conversely, in the 
ntumorigenic control kidney epithelial MDCKII cells, which have 
gh endogenous levels of claudin 1, a reduction in claudin 1 protein 
on TPA treatment (Figure 5D) was observed. 
TPA treatment also led to an accumulation/retention of claudin 1 
 the cytoplasm of the MCF7 cells (Figure 6A). This mislocalization 
 claudin 1 was also observed when claudin 1 was overexpressed in 
CF7 cells (Figure 6, B and C). 

hibition of MCF7 HBC Cell Proliferation Following 
rolonged TPA Treatment 
Recently, it has been shown that short-term TPA treatment (24 hours) 
d to an antiproliferative effect in MCF7 cells [65], and this  was  
tributed to a prosurvival response to TPA. In the present study, we 
terrogated whether long-term TPA treatment would have a similar 
fect on MCF7 cell proliferation. Cells were treated with 100 nM TPA 
er a period of 6 days (as described in Materials and Methods, 2.7.2). In 

Image of Figure 6


568 Claudin 1 Is Highly Upregulated by PKC Blanchard et al. Translational Oncology Vol. 12, No. 3, 2019 

d
a
y
4
 

d
a
y
6
 

D
a
y
4
 

D
a
y
6
 

0 

5 

10 

15 

MDA231 

Untreated 

DMSO 

TPA 

*** 

*** 
*** 

** 

D
a
y
4
 

D
a
y
6
 

0 

5 

10 

15 

20 

0 

5 

10 

15 

20 

T47D 

MCF7 

D
a
y
4
 

D
a
y
6
 

0 

1 

2 

3 

4 

BT20 

*** 
*** 

*** 
*** 

*** 
*** 

*** 
*** 

* 
* 

C
e

ll
 N

u
m

b
e

r
 (

x
 1

0
5
 )

C
e

ll
 N

u
m

b
e

r
 (

x
 1

0
5
 )
 

Figure 7. Long-term TPA treatment inhibited expansion of breast cancer cell numbers. Cells were treated with 100 nM TPA over a period 
of 6 days (as described in Materials and Methods). TPA significantly inhibited the HBC MCF7, T47D, BT20, and MDA-231 cell numbers. 
n=3. Values are mean ± SD for experimental replicates, statistical analyses, two-way ANOVA and Tukey’s multiple comparison tests, 
*Pb.05; **Pb.01; ***Pb.001. 

Figure 8. Activation of PKC leads to a decrease in E-cadherin and β-catenin levels in MCF7 cells. Cells were treated with 100 nM TPA or 
vehicle control (DMSO) for 18 hours. Western blots of a representative experiment are shown for each cell line (left panels). The relative 
protein levels were determined by densitometry (right panels, mean ± SD for experimental replicates). (A) E-cadherin; n=4. (B) β-catenin; 
n=4. *Pb.05; **Pb.01; Student’s t test. 
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Figure 9. Upregulation of claudin 1 by TPA was significantly inhibited by the PKC inhibitor GF109203 and mediated by the ERK pathway in 
MCF7 cells but not in MDA-MB231 cells. (A) MCF7 cells were treated with 100 nM TPA or vehicle control (DMSO) for 18 hours. 
Pretreatment with the PKC α/β/μ inhibitor (Go6976, 1 μM) or the PKC δ inhibitor (Rottlerin, 5 μM) was initiated 1 hour prior to TPA 
treatment as indicated and continued for 19 hours. A Western blot of a representative experiment is shown, with β-actin as a loading 
control. In three experimental replicates, there was a consistent trend (not statistically significant, ANOVA, P=.148) towards reduced 
claudin 1 upregulation by TPA treatment in the presence of the inhibitors. (B) Cells were treated with 100 nM TPA or vehicle control 
(DMSO) for 18 hours. Pretreatment with the PKC inhibitor (GF109203x, 3 μM), the ERK inhibitor (U0126, 10 μM), or the JNK inhibitor II (20 
μM) was initiated 1 hour prior to TPA treatment as indicated and continued for 19 hours. Western blots of a representative experiment are 
shown. Upregulation of claudin 1 in MCF7 cells was blocked by both the PKC and ERK inhibitors, but not the JNK inhibitor. (C) The relative 
protein levels of claudin 1 (panel B) were determined by densitometry (mean ± SE for n=3 experimental replicates). ANOVA Pb.05; 
*Pb.05 Dunnett’s multiple comparison test. (D) The upregulation of claudin 1 by TPA in the MDA-MB231 cells was not blocked by any of 
the inhibitors used for pre-treatment. 
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e with studies by Fortino et al. [65], we found that long-term treatment 
ith TPA as well significantly inhibited MCF7 cell numbers (Figure 7). 
terestingly, a similar response to long-term TPA treatment was also 
served in the other breast cancer cell lines (T47D, BT20, and MDA-
1) as well (Figure 7). Thus, it appears that either short-term or long-
rm TPA treatment leads to an antiproliferative effect on HBC cells. 

ownregulation of E-cadherin and β-Catenin in MCF7 Cells 
ollowing PKC Activation 
The association between PKC activity and cancer progression leading 
 metastasis is well established [55,66,67]. Enhanced aggressiveness has 
en associated with a loss of E-cadherin and alteration in β-catenin 
pression [23,26,68]. In an earlier study, we showed that a number of 
MT-related genes including E-cadherin were significantly downreg-
ated when MCF7 cells overexpressing claudin 1 were compared to 
ntrol cells [33]. However, primers for β-catenin were not included in 
e commercial PCR array platform used for those studies. Thus, in this 
udy, Western blot analysis to determine the effect of TPA 
eatment on the regulation of the β-catenin protein was conducted. 
modest,  however significant, downregulation of β-catenin protein 
on TPA treatment was observed (Figure 8). In this same study, E
dherin was also modestly but significantly downregulated in 
sponse to TPA treatment. This downregulation of E-cadherin in 
sponse to increased claudin 1 levels was consistent with our 
evious studies [33]. 

KC and ERK Inhibitors Block Claudin 1 Upregulation 
Using commercially available PKC inhibitors [PKC α/β/μ 
hibitor (Go6976, 1 μM), the PKC δ inhibitor (Rottlerin, 5 μM), 
d the pan PKC inhibitor (GF109203x, 3 μM)], we examined their 

Image of Figure 9
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Claudin 1 PKCε
 

ER+
 

ER-

Figure 10. Representative immunostaining of ER+ and ER− breast tumors with the claudin 1, and PKCε antibodies. Staining was specific 
for tumor tissue, and while both membrane (black arrows) and cytoplasmic staining (red arrows) were observed with the claudin 1 
antibody, staining with the PKCε antibody was confined to the cytoplasm (red arrows). Scale bar = 25 μm. 

Figure 11. Kaplan-Meier graphs for disease free survival in the breast tumor cohort. Univariate survival analyses were performed using 
Cox regression. Symbols on the graph lines represent censored data (recurrence or death from the disease). ER+ group n=447; events= 
173. ER− basal group n=128; events=66. ER− nonbasal group n=193; events=119. (A) Disease-free survival from time of diagnosis to 
20+ years. ER− basal versus ER+, HR=1.39, Pb.05; ER− nonbasal versus ER+ HR=2.04, Pb.001. (B) Disease-free survival in the first 5 
years after diagnosis. ER− basal versus ER+, HR=2.02, Pb.001; ER− nonbasal versus ER+ HR= 3.12, Pb.001. (C). Disease-free survival 
between 5 and 10 years after diagnosis. No significant differences among the groups. (D) Disease-free survival between 10 and 20+ years 
following diagnosis. ER− basal versus ER+, HR=0.24, Pb.001; ER− nonbasal versus ER+ HR=0.36, Pb.001. 

Image of &INS id=
Image of Figure 11


Translational Oncology Vol. 12, No. 3, 2019 Claudin 1 Is Highly Upregulated by PKC Blanchard et al. 571 

Table 1. Comparison of the Clinical-Pathological Characteristics of the Breast Tumor Cohorts. 

Total (n=768) ER+ (n=447) ER−, Nonbasal (n=193) ER−, Basal (n=128) P Value 

Patient age 
Median 65 68 56 57.5 

Tumor grade # cases % # cases % # cases % # cases % 
0-5 34 6 21 6 9 7 4 8 b.0001 
6-7 362 66 298 82 53 39 11 23 
8-10 151 28 44 12 74 54 33 69 

Nodal status 
+ve 356 46.8% 204 45.6% 92 48.8% 60 48.4% .7275 
−ve 404 53.2% 243 54.4% 98 51.2% 63 51.6% 

Tumor size 
N2.5 cm 301 48% 195 45% 26 50% 80 56% .0589 
b=2.5 cm 331 52% 242 55% 26 50% 63 44% 

Claudin 1 (H-score) # cases median # cases median # cases median # cases median b.0001 
643 30 371 15 164 70 108 62.50 

PKCα (intensity) # cases % # cases % # cases % # cases % 
1 387 73.6% 307 73.6% 31 77.5% 49 71.0% .7595 
2, 3 139 26.4% 110 26.4% 9 22.5% 20 29.0% 

PKCε (intensity) # cases % # cases % # cases % # cases % 
1 449 69.0% 259 64.9% 112 71.8% 78 81.3% b.01 
2, 3 202 31.0% 140 35.1% 44 28.2% 18 18.8% 

Recurrence (5 years) 32.0% 22.8% 50.3% 37.5% b.001 
Survival (5 years) 76.5% 89.0% 54.5% 65.4% 
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fectiveness in blocking claudin 1 upregulation by TPA. Go6976, 
hich is known to inhibit PKCα and PKCβ, only partially inhibited 
audin 1 upregulation, whereas rottlerin, the PKCδ inhibitor, appeared to 
ve no effect. However, the PKC inhibitor GF109203, which is known 
 inhibit PKCα, β, δ, and  ε, significantly inhibited claudin 1 induction by 
PA in the MCF7 cells (Pb.05) as shown in Figure 9, A and B, suggesting  
at PKCε may be involved in the upregulation of claudin 1. 
We further demonstrated that upregulation of claudin 1 inMCF7 cells  
as blocked by an ERK inhibitor but not a JNK inhibitor (Figure 9, B 
d C). Interestingly, in the MDA-MB231 cell line, although the ERK 
d JNK pathways were also activated by PKC, the upregulation of 
audin 1 was not blocked by any of these inhibitors (Figure 9D). 

orrelation of PKCε with Claudin 1 in Human Invasive 
reast Cancer Biopsies 
Based on the observations suggesting that PKCε may play a central role  

 the PKC/claudin 1 pathway, TMA analysis was carried out on a large 
hort of human breast tumor patient biopsies to examine whether there 
as an association between PKC isomers and claudin 1 (Table 2, Figure 
). The cohort was comprised of ER− (basal and nonbasal) and ER+ 
man breast tumors (a total of 768 biopsies; see Materials and Methods.). 
ble 2. Correlation Analysis of Claudin 1 Protein with PKCα, PKCε, and Clinical-Pathological Chara

Age at Diagnosis Ki67 ER 

oup 
tal 0.01092 0.01045 −0.23663 

P value .7823 .8112 b.0001 
n 643 525 542 

+ 0.08539 0.19297 −0.12005 
P value .1005 .0003 .0209 
n 371 355 370 

− 0.09179 −0.1526 
nbasal P value .2424 .0907 -

n 164 124 
− 0.21541 −0.22688 
sal P value .0252 .1294 -

n 108 46 

lues are Pearson correlation coefficients. ND, not determined. 
tistical significance is highlighted in bold type. 
e observed a significant correlation between PKCε and claudin 1 in both 
e ER+ and ER− tumors (basal-like and non–basal-like) subgroups in this 
hort (Table 2). Interestingly, we also found a significant positive 
rrelation between claudin 1 and PKCα in ER+ tumors (Table 2). 
Also noted in this study was that when patient survival was examined 
er a 20-year period in this cohort (Table 3; Figure 11A), we observed 
at, within the first 5 years following diagnosis (Table 1; Figure 11B), 
tients with ER+ tumors had significantly longer disease-free survival 
mpared with ER− basal (Pb.01) and ER− nonbasal (Pb.01) groups. 
terestingly, we found that 5 to 10 years postdiagnosis, there were no 
gnificant differences in disease-free survival among the groups 
igure 11C). Moreover, 10 years postdiagnosis, patients in the ER+ 
oup had a significantly worse disease-free survival prognosis than the 
her two ER− groups (Pb.001; Figure 11D). Although claudin 1 levels 
ere not a prognostic indicator of disease recurrence or survival 
able 3), intriguingly, high PKCε was associated with shorter disease-
ee survival in the ER− breast tumor cohort (Table 3; Figure 12). 

iscussion 
otein kinases have long been shown to play significant roles in the 
ogression of many cancers [51]. Furthermore, alteration in the 
cteristics of the Breast Tumor Cohorts. 

PR Total PKCα H-SCORE Total PKCε H-SCORE 

−0.1209 0.33851 0.32725 
.0048 b.0001 b.0001 
542 464 632 
−0.05074 0.33714 0.35677 
.3304 b.0001 b.0001 
370 367 364 

ND 0.36786 
- b.0001 

162 
0.45369 0.34034 

- .0002 .0004 
61 106 
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Table 3. Patient Survival/Recurrence Related to Claudin 1 and PKCε Levels 

5-Year Survival/Recurrence 20-Year Survival/Recurrence 

Total ER+ ER− Nonbasal ER− Basal Total ER+ ER− Nonbasal ER− Basal 

Claudin 1 (H-score N40 vs. H-score ≤40) n= 643 371 164 108 643 371 164 108 
Survival 1.46 NS NS NS NS NS NS NS 
Recurrence NS NS NS NS NS NS NS NS 
Survival or recurrence NS NS NS NS NS NS NS NS 
PKCε intensity (2, 3, vs. 1) n= 685 399 172 114 685 399 172 114 

Survival 1.38 NS 1.79 2.35 NS NS 1.79 2.02 
Recurrence NS NS 1.80 2.12 NS NS 1.96 NS 
Survival or recurrence NS NS 1.76 2.33 NS NS 1.91 NS 

Claudin 1 was not a prognostic indicator of disease recurrence/survival; however, high PKCε was associated with shorter survival in patients with ER− tumors. Values are hazard ratios. NS, not statistically 
significant. 

Pb.05. 
Pb.01. 
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tivity of particular members of this family of isomers has been 
rectly linked to phenotypic and behavioral changes associated with 
hanced metastatic aggressiveness [51,69–71]. Such changes include 
terations in EMT markers, increased cell motility and invasiveness, 
d a mislocalization of tight junction proteins from the cell 
embrane to the cytoplasm [72]. The loss of tight junction proteins 
om the membrane facilitates the loss of cellular integrity, an integral 
ayer of the metastatic process [8,12,73]. 
Claudin 1 is an important tight junction protein as it forms the 
ckbone of the tight junction in epithelial cells [15] and plays a 
ajor role in the control of nutrients and small ions between these 
lls. It is now well documented that claudin 1 is altered in several 
ncers [9,18,21] and has been shown to be upregulated by PKC 
tivity [21,23,26,32,59]. However, claudin 1 is one of only two 
own claudin TJ proteins, the other claudin 18a, [74] shown to be 
duced by PKC during cancer progression. The regulation of claudin 
by PKC has not been previously addressed in breast cancer. 
In this study, we investigated the regulation of claudin 1 by PKC in 
east cancer. We first established the baseline levels of claudin 1 in 
fferent human breast cancer cell lines. The MCF7 cell line was 
entified as an appropriate model to address PKC upregulation of 
audin 1 in breast cancer as it is known to exhibit low endogenous 
vels. Additionally, it has previously been demonstrated that PKC 
n enhance the metastatic potential of the MCF7 cell line [65]. 
Following TPA treatment, claudin 1 expression was shown to be 
gnificantly upregulated in MCF7 breast cancer cells, whereas in the 
A B 

gure 12. High PKCε expression was associated with shorter disease-f
e shown. For each case, an immunohistochemical staining intensit
tensity of 2 or 3. Univariate survival analyses were performed using C
aph lines represent censored data (recurrence or death from the disea
 (NS). (B) ER− basal; n=114; low PKCε events=37; high PKCε events
KCε events=45, Pb.01. 
ntumorigenic MDCKII cells, claudin 1 protein levels were 
wnregulated upon PKC activation by TPA. In MDCKII cells, 
audin 1 is localized in the cell membrane. Thus, it is therefore 
ausible that, in MDCKII cells, where claudin 1 primarily has a barrier 
nction [75], its interaction with the PKC signaling pathway may be 
ry different from its interaction with the very same pathway in the 
CF7 breast cancer cells where it is localized in the cytoplasm as well. 
We further showed that MCF7 cells treated with TPA or which 
erexpressed claudin 1 led to increased retention of the protein in the 
toplasm. Increased accumulation of claudin 1 in the cytoplasm 
ring cancer progression has been reported in several other cancers, 
d cytoplasmic mislocalization has frequently been associated with 
hanced metastatic potential [18,21,59]. It has been suggested that 
audin 1 retained in the cytoplasm may serve another function at the 
pense of a barrier function. One such function may be related to the 
tivation of autophagy, which in turn promotes tumor survival and 
oliferation as suggested by a recent report [76]. It is also plausible 
at TPA may indirectly affect claudin 1 through regulation of 
other interacting partner in the cytoplasm. When not in the 
embrane, claudin 1 has been shown to interact with ephrin B1 [77], 
SCRT [78], EpCAM [79], and CD9, the latter which has been 
own to stabilize cytoplasmic claudin 1 [63]. However, PKC 
regulation of claudin 1 at the level of transcription in MCF7 cells 
monstrates that PKC activation in these breast cancer cells also 
curs not only at the protein level but at the level of gene expression 
 well. 
C 

ree survival in the ER− breast tumor cohort. Kaplan-Meier graphs 
y of 1 was defined as low, and high was defined as a staining 
ox regression. Hazard ratios are listed in Table 3. Symbols on the 
se). (A) ER+; n=399; low PKCε events=110; high PKCε events= 
=21 (NS). (C) ER− nonbasal; n=172; low PKCε events=61; high 

Image of Figure 12
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In addition, our studies also demonstrated that, at the protein level, 
ere was a small, nonetheless significant, decrease in both E-cadherin 
d β-catenin protein upon PKC activation in MCF7 cells. This 
verse relationship between these EMT regulators was consistent 
ith similar results described in the other cancers [18,21,59]. 
Long-term PKC activation of MCF7 cells also resulted in 
gnificant growth inhibition in all breast cancer cell lines examined 
igure 8). Inhibition of MCF7 cell growth has been previously 
scribed by Fortino et al. [65] following a shorter period of TPA 
eatment, which these authors further demonstrated was attributed 
 prosurvival and antiproliferative properties of TPA in these cells. 
To further define the PKC isomers and signaling pathways 
volved in claudin 1 upregulation in MCF7 cells, we used inhibitors 
 PKC to block PKC activation by TPA. The pan-inhibitor 
F109203, which inhibits PKCα, β, δ, and ε, was most effective in 
ocking claudin 1 upregulation by TPA, whereas rottlerin, which 
hibits PKCδ, appeared to have had no effect. Go6976, which 
hibits PKCα and PKCβ, was only partially effective. Importantly, 
ese results pointed to PKCε and, to a lesser extent, PKCα as 
ssible regulators of claudin 1 in MCF7 cells. 
Increased PKCα expression has been reported in ER− breast tumor 
mples [80], and PKCα has also been identified as a marker of poor 
ognosis independent of other factors [70]. Patients with PKCα
gative tumors were also shown to have better responses to 
docrine therapy [80,81]. Furthermore, in vitro, PKCα has been 
own to enhance migratory potential and promote more aggressive 
havior in MCF7 [82] and MDA-MB231 cells [51,70]. 
Similarly, an oncogenic role has frequently been assigned to PKCε 
 breast cancer, and it is considered a marker of aggressiveness [72]. 
Cε has been shown to be essential for enhanced cell migration and 
vasion and promote breast cancer survival [71]. High expression 
vels of PKCε have also been shown to correlate with high tumor 
ade, HER2 expression, ER negativity, and poor survival in patients 
ith breast cancer [83]. In vitro, PKCε has been shown to promote 
ll survival by inhibiting apoptosis of MCF7 cells and to promote 
MT [72]. It has been demonstrated that when PKCε was 
erexpressed in the nonmalignant immortalized breast epithelial 
ll line MCF10A, these cells lost their phenotypic epithelial 
aracteristics and became fibroblastic and spindly, increased cell 
igration, and were protected from anoikis [72]. 
We demonstrated that the upregulation of claudin 1 by TPA was 
fectively blocked by PKC and ERK inhibitors, but not by JNK 
hibitors, providing strong evidence that claudin 1 induction in 
CF7 cells was through the activation of the ERK pathway. 
terestingly, the inhibition of the ERK signaling pathway did not 
ock the upregulation of claudin 1 in the MDA-MB231 cell line, 
ading us to suggest that these two cell lines may have different PKC 
gnaling pathways. Indeed, Platet et al. [84] previously demonstrated 
at TPA increased the invasiveness of MCF7 cells but decreased the 
vasiveness of MDA-MB231 cells and attributed this to the ER 
atus and abnormal TPA regulation of PKCα activity in the MDA
B231 cells. Another plausible explanation is that the differences 
served in the responses of these cells to the PKC inhibitors may 
flect the extent of leakiness at their tight junctions. Sjo et al. [85] 
monstrated that the leakiness or tightness of the membrane barrier 
 cells affects the response of claudin family members to PKC 
tivation. 
We also investigated whether there was a link between PKCε, 
Cα, and claudin 1 in a large cohort of breast cancer biopsies (768 
mples) of mixed pathologies. We further divided these samples into 
R+ and ER− subgroups. The ER− tumors were then yet again 
vided into basal and nonbasal since, in an earlier study, we 
entified a relationship between high claudin 1 expression and the 
sal-like subtype of breast cancers. In the present study, we found a 
rrelation between claudin 1, PKCα, and PKCε in patient biopsies. 
oth PKCε and PKCα positively correlated with claudin 1 in the ER 
tumors. We also identified a further significant correlation between 
audin 1 and PKCε in ER− tumors and basal and non–basal-like 
btype of tumors. (Table 2). Additionally, our analysis showed that 
erall PKCε levels and claudin 1 were higher in the ER− tumors 
mpared to ER+ tumors (Table 3). 
Interestingly, we identified a negative association between patient’s 
rvival and PKCε. High PKCε levels significantly correlated with 
creased survival and/or recurrence rate in both the basal and 
nbasal ER− tumors. However, claudin 1 alone, whether high or 
w, had no effects on patient survival. 

onclusions 
ur studies demonstrated that PKC activation strongly upregulates 
audin 1 in MCF7 HBC cells and that overexpression of claudin 1 in 
CF7 cells led to increased mislocalization of the protein from the 
embrane to the cytoplasm. We also show that claudin 1 
regulation is linked to the downregulation of EMT markers, the 
ocess that leads to metastasis. Furthermore, we identified a 
rrelation between patient survival and PKCε. There was a decrease 
 the survival rates of patients if the tumors were ER− and PKCε 
vels were high. This study therefore provides further insights into a 
le for claudin 1 in enhancing the metastatic potential of some breast 
ncers. 
In conclusion, our studies show supporting evidence to suggest 
audin 1 as a target for therapeutic management of ER− breast 
ncers and should be considered in conjunction with currently used 
C inhibitors. 
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