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Abstract In human breast cancer,b-catenin localization has

been related with disease prognosis. Since HER2-positive

patients are an important subgroup, and that in breast cancer

cells a direct interaction ofb-catenin/HER2 has been reported,

in the present study we have explored whether b-catenin

location is related with the disease survival. The study was

performed in a tumor bank from patients (n = 140) that did

not receive specific anti-HER2 therapy. The proteins were

detected by immunohistochemistry in serial sections, 47

(33.5 %) patients were HER2-positive with a long follow-up.

HER2-positive patients that displayed b-catenin at the plasma

membrane (completely surrounding the tumour cells) showed

a significant better disease-free survival and overall survival

than the patients showing the protein on other locations. Then

we explored the dynamics of the co-expression of b-catenin

and HER2 in human MCF-7 and SKBR3 cells exposed to

different stressful situations. In untreated conditions MCF-7

and SKBR3 cells showed very different b-catenin localiza-

tion. In MCF-7 cells, cadmium administration caused a

striking change in b-catenin localization driving it from

plasma membrane to cytoplasmic and perinuclear areas and

HER2 showed a similar localization patterns. The changes

induced by cadmium were compared with heat shock, H2O2

and tamoxifen treatments. In conclusion, this study shows the

dynamical associations of HER2 and b-catenin and their

changes in subcellular localizations driven by stressful situa-

tions. In addition, we report for the first time the correlation

between plasma membrane associated b-catenin in HER2-

positive breast cancer and survival outcome, and the impor-

tance of the protein localization in breast cancer samples.
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Introduction

In normal as well as in cancer cells protein localization is

important for cellular function, in a determined localization

a protein can interact with different proteins and these

interactions modulate critical processes such as response to

growth factors, gene regulation and formation of gradients

of morphogens, metastasis formation and resistance of the

cells to stress. In a previous study we have shown that

when breast cancer cells were transfected with a particular

heat shock protein (HSP25) a redistribution of b-catenin

from the plasma membrane to the cytoplasm occurred [1].

The Wnt/b-catenin signaling pathway is implicated in

carcinogenesis and cancer progression [2, 3]. In human

breast cancer biopsy samples, we have reported that b-

catenin localization is related with the disease prognosis,

when the protein was located at the plasma membrane the

patients had better survival than when the protein was

expressed in the cytoplasmic cell compartment [1]. This

observation has been corroborated in independent studies

by López-Knowles et al. and more recently by Li et al. [4,

5]. We have also shown that b-catenin interacted with

HSP27 (HSPB1), with heat shock factor 1, and with

caveolin-1 [1] suggesting that these interactions (and pro-

tein localization) may explain some of the molecular

pathways that influence tumor cell survival, metastasis

formation and disease outcome in breast cancer patients.

On the other hand, a direct interaction of b-catenin with

HER2 has been reported in gastric cancer cell lines [6] and

in SKBR3 breast cancer cells [7]; such interaction would

be modulated by the phosphorylation status of Tyr 654,

located on the N-terminal domain of b-catenin, enhancing

the Wnt signaling [8, 9]. The simultaneous deregulation of

both Wnt signaling through b-catenin and HER2 cooperate

to induce mammary gland tumors in transgenic mice [10].

We have previously used a MMTV-c-neu transgenic mouse

tumor model to evaluate proteins related with metastasis

formation [11, 12]. We found in breast tumors driven by

specific expression of HER2 a striking co-expression of b-

catenin and HER2 in the tumor cells, the absence of

caveolin-1 in the tumor stroma had no effect on expression

or localization of b-catenin and HER2, both proteins

always appeared co-expressed at the cell surface during

tumor development and progression [13]. This is in con-

trast to what has been reported in human breast tumor

tissues where most of the times b-catenin was expressed in

the cytoplasm, and where the disease-free survival (DFS)

and overall survival (OS) were significantly shorter for

patients expressing b-catenin in the cytoplasm only, not at

the plasma membrane [1]. To clarify this issue we have

now explored whether b-catenin location is related with the

disease survival in HER2-positive breast cancer patients.

This observation is of interest because the negative corre-

lation between cytoplasmic expression of b-catenin and

breast cancer prognosis has been reported, but so far the

correlation between plasma membrane associated b-cate-

nin in HER2-positive breast cancer and survival outcome

has not been reported. In the present work we studied this

association in our tumor bank [11, 14, 15]. This should be

considered an exploratory study because in this tumor bank

only 140 patients had enough tissue to evaluate in serial

sections HER2 and b-catenin (33.5 % of the samples were

HER2-positive) however valuable items of this study are

that the patients were not treated with trastuzumab (ideal

condition to evaluate a prognostic factor) and the long

follow-up of the patients.

To further explore the dynamics of the co-expression of

b-catenin and HER2, we examined the localization of these

two proteins in human MCF-7 and SKBR3 breast cancer

cells. In untreated MCF-7 cells both proteins appeared

mainly at the cell surface, while in SKBR3 cells, HER2

was noted in the cell membrane and b-catenin was mainly

expressed in the nucleus. We then directed our interest to

MCF-7 cells to know to what extend the two proteins co-

localized at the level of the plasma membrane, exploring if

this co-expression was interrupted when the cells were

exposed to different stressful situations. Among the

stressors we selected cadmium (Cd) because this toxic

metaloestrogen is a common environmental pollutant [16,

17]. Epidemiological studies indicate an association

between human exposure to Cd and woman breast cancer

[18, 19], chronic exposure to Cd increased breast tumor

development in mice and induced malignant transforma-

tion of normal human epithelial cells into a basal-like

phenotype [20]. In women the average Cd concentrations

are significantly higher in malignant breast tissues
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compared with benign tissues [21]. We noted that the

location of b-catenin and HER2 changed drastically when

the tumor cells were treated with Cd observing a b-catenin

shift from the plasma membrane to the cytoplasm at Cd

concentrations that affected long-term survival. HER2 was

also affected by Cd administration, the protein remained at

the plasma membrane in few cell clusters but in most cells

this localization was lost and its expression increased sig-

nificantly in the cytoplasm. These changes in b-catenin and

HER2 protein localization were compared with other

treatments: heat shock, H2O2 and tamoxifen. These studies

point to the links between b-catenin and HER2, the

dynamical localization of the two interacting proteins, and

to the importance of studying protein localization in human

breast cancer biopsies.

Materials and methods

Human breast cancer tissues

Whole sections were analyzed from archival breast cancer

tissues from consecutive patients with stage 1 to 3 operable

breast cancer who presented at a single clinic (Dr. F. E.

Gago, Mendoza, Argentina) between June 1985 and June

1999. One hundred and forty patients had sufficient tissue

for analysis of HER2 and b-catenin immunostaining in

serial biopsies, and complete pathology information was

available. The median age of this cohort was 54 years

(range, 27–81). The median tumor size was 25 mm (range

5–90 mm). The majority of patients (54 %) were lymph

node negative. AJCC stage presentation was stage 1, 27 %;

stage 2a, 38 %; stage 2b, 17 %; stage 3a, 13 %; and stage

3b, 5 %. All patients were followed until death or until

June 2004 with a median follow up of 11.5 years. Patients

were all treated according to approved protocols active at

the time of diagnosis, with 28 % receiving a mastectomy,

72 % receiving chemotherapy, 76 % receiving radiother-

apy, and 72 % being treated with tamoxifen (for 5 years).

The diagnosis of metastasis was based on pathological

confirmation or on other investigations that confirmed the

presence of metastasis. All patients received surgery as the

first treatment, and samples for analysis were obtained

before chemotherapy. All treatment indications were dis-

cussed in a multidisciplinary oncology meeting and the

informed consent to obtain and analyze tissue was given

before surgery. Tissue blocks and clinical data were stored

and managed following standard international procedures.

The study was performed according to our research ethics

requirements approved by the Ethic Committee of the

Argentine Foundation for Cancer Research of Mendoza, in

accordance with the precepts established by the Helsinki

Declaration.

Cultured cells and treatments

The MCF-7 human breast cancer cell line was kindly pro-

vided by Dr. M. C. Abba [Centro de Investigaciones In-

munológicas Básicas y Aplicadas (CINIBA), Universidad

Nacional de La Plata, Buenos Aires, Argentina]. The SKBR3

cell line was kindly provided by Dr. A. Urtreger (Instituto A.

Roffo, Buenos Aires). The cells were routinely cultured in

DMEM: Dulbecco’s Modified Eagle Medium (GIBCO,

InVitrogen Corporation, Argentina) supplemented with

10 % fetal calf serum (GIBCO) and 100 IU/mL penicillin

and 100 lg/mL streptomycin (GIBCO) at 37 �C in an

incubator with 5 % CO2 and 100 % humidity. In addition,

SKBR3 received glutamine (0.2 mM). Sub-confluent cells

were split twice a week at a ratio of 1:20. When the cells

reached 70–85 % confluence, they were submitted to

stressful situations (duplicate experiments).

Treatments

Cadmium: the cells were exposed to 0, 5, 10, 25, 50 and

100 lM of CdCl2 (without fetal bovine serum) during 3 h

and then harvested. Heat shock: the cells were exposed at

42 �C in a water bath for 2 h followed by a resting period

of 4 h at 37 �C. Oxidative stress: the cells were treated

with H2O2 for 3 h (30, 60 and 100 lM) and then harvested.

Finally, MCF-7 cells were exposed for 3 h to 18 lM of

tamoxifen, this concentration was selected after a MTT

assay using different tamoxifen concentrations to reach

IC50, and then harvested. Nitric oxide (NO) formation

following the different stresses was measured indirectly by

assaying nitrite, the stable products of NO oxidation.

Thiobarbituric acid (TBA) assay, and the levels of lipid

peroxidation products, mainly Malondialdehyde (MDA),

were determined spectrophotometrically as thiobarbituric

acid reactive substances (TBARS), then TBARS levels

were measured as indicators of lipid peroxidation [22].

Measurement of Cd uptake

After Cd incubation, the medium was aspirated and the

cells were rinsed with PBS containing 1 mM EGTA (eth-

ylene glycol tetraacetic acid) to remove the Cd2? bound to

the cell surface and the Cd2? remaining in the incubation

medium. The cells were counted and then digested with

5 % (v/v) HNO3 solution. Intracellular Cd2? levels were

determined by electrothermal atomic absorption spec-

trometry (ETAAS). Elemental detection was performed

using a Perkin-Elmer 5100 atomic absorption spectrometer

(Perkin-Elmer, Norwalk, CT, USA) equipped with a

pyrolytic graphite tube (Perkin-Elmer) and a transversely

heated graphite atomizer Zeeman-effect background cor-

rection system. A Cd2? electrodeless discharge lamp
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(Perkin-Elmer, Norwalk, USA) operated at a current of

170 mA (modulated operation) and a wavelength of

228.8 nm with a spectral band pass of 0.7 nm was used. All

measurements were made based on absorbance signals with

an integration time of 5 s. Experiments were performed by

triplicate, and the mean ± SEM values were used to esti-

mate the amount of Cd2? lg per 106 cells.

Cytotoxicity assay

MTT assay was performed on MCF-7 cells by seeding

20.000 cells were grown in 96-wells plate for 24 h and

exposed to different CdCl2 concentrations during 3 h. The

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-

um bromide] assay was carried out according to the provided

protocol (Promega Corporation, Madison, USA). Briefly,

cells were washed with PBS and 2 mL serum-free culture

medium containing 1 mg/mL MTT (Sigma-Aldrich) was

added to each well. The medium was discarded after 3 h,

DMSO was added to dissolve MTT-derived formazan, and

formazan was quantified by the measurement of absorbance

at wavelength 550 nm as described previously [23].

Clonogenic assay

500 MCF-7 cells were seeded in a 6-wells plate. After 24 h,

cells received Cd2? treatment and the cells were allowed to

grow for 17–18 days to form colonies. The colonies were

fixed with cold methanol and stained with crystal violet

(0.5 %). The viable colonies containing more than 50 cells

were counted and the surviving fraction was calculated.

Apoptosis analysis

TUNEL: Apoptosis of MCF-7 cells was assessed by the

modification of the TUNEL assay using the ApopTag Plus

in situ detection kit (Millipore, Temecula, California), as

reported previously [24]. The apoptotic index (AI) was

calculated as the percentage of positive nuclei, based on an

average of 200 cells, at 400X magnification. Cleavage

PARP1 was evaluated by Western blot [1].

Cellular fractionation

MCF-7 cells were grown up to 85 % of confluence, after

the treatment cells were harvested by scraping with buffer

lysis (containing 100 mM HEPES, 10 mM KCl, 3 mM

MgCl2 and protease inhibitor complete Mini, Roche, cat

no. 11836153001), obtaining cell extract. Cell extracts

aliquot were taken and centrifuged at 700X g for 5 min at

4 �C, to obtain a supernatant (SN1) and pellet fractions.

Pellets were resuspended in gel shift buffer (50 mM

HEPES, 250 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA,

glycerol 10 %, NP40 0.1 % and protease inhibitor com-

plete Mini, Roche) and centrifuged at 3,200 X g for 10 min

at 4 �C, obtaining a supernatants (nuclear fractions).

Supernatants SN1 were centrifuged at 100,000 X g for 1 h

at 4 �C, to obtain a supernatant (cytoplasmic fraction) and

pellet fractions. Pellets were resuspended in membrane

solubilization buffer (10 mM Tris–HCl pH 7.4, 500 mM

NaCl. 1 mM EDTA and Triton-X 100 1 %) and centri-

fuged at 100,000 X g for 30 min at 4 �C. The supernatants

correspond to membrane fractions.

Western blotting

Forty micrograms of all cellular fractions (MCF-7 cells)

were separated using 8 and 10 % SDS–polyacrylamide gel

electrophoresis and electrotransferred onto a nitrocellulose

membrane (Hybond-C, Amersham biosciences, United

Kingdom). After blocking in 5 % milk (wt/vol) in PBS,

0.1 % Tween 20 (vol/vol) membranes were incubated with

primary antibodies overnight at 4 �C. Followed by washes

whit PBS and then were incubated with secondary antibody.

The following antibodies were used: anti b-catenin (cat. no.

18-0226, Zymed, San Francisco CA); anti HER2 (cat. no.

554299, BD Transduction, Lab Pharmingen, San Diego CA),

anti a-tubulin (cat. T-6074, Sigma-Aldrich), anti cleaved

PARP1 (BD Transduction, Lab Pharmingen, San Diego,

CA). The secondary antibodies were horseradish peroxi-

dase-conjugated (E0464, DAKO). Immunodetection was

carried out using enhanced chemiluminescence and was

recorded with a quantitative digital imaging system

(Chemidoc XRS with Image Lab, Bio-Rad, Hercules, CA,

USA), enabling us to assess saturation. Band densitometric

analysis was performed on some blots using conditions

ensuring analysis of signals in the linear range of detection.

Senescence-associated b-galactosidase assay

We have followed the protocol described elsewhere [25].

Briefly, 100,000 MCF-7 cells were seeded on glass cov-

erslips and exposed to the different Cd2? concentrations.

After washing, the cells were fixed with 2 % formaldehyde

and 0.2 % glutaraldehyde for 5 min and incubated over-

night at 37 �C with 1 mg/mL X-gal staining solution (5-

bromo-4-chloro-3-indolyl b-D-galactopiranoside, 5 mM

K3Fe[CN]6, 5 mM K4Fe[CN]6, and 2 mM MgCl2 in PBS,

pH 6.0). The cells were rinsed twice with PBS, washed

with methanol and examined using a Nikon Eclipse E200

microscope (Nikon Corp., Tokyo, Japan).

Immunohistochemistry (IHC)

Hematoxylin and eosin stained tissue sections (5 lm

thickness) were used for histopathological studies. Serial
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5 lm-thick sections were mounted onto 3-aminopropyl-

triethoxysilane (Sigma-Aldrich, St. Louis, MO)-coated

slides for subsequent IHC analysis. An antigen retrieval

protocol using heat was used to unmask the antigens

(45 min in citrate buffer 0.01 M, pH 6.0). Tissue sections

were incubated with the primary antibodies overnight at

4 �C in humidity chambers using a rabbit affinity purified

polyclonal antibody against a synthetic peptide of the HER2

oncoprotein (21 N) used at 1:100 dilution. This antibody

has been tested previously: IHC agrees with western blot-

ting and with HER2 amplification measured by southern

blotting [26, 27]. A mouse monoclonal anti-b-catenin

antibody (cat. no. 18-0226, Zymed) was also used at 1:400.

The optimal dilution of these antibodies was previously

tested. A commercial kit to detect mouse and rabbit primary

antibodies was used [Dako EnVision System, horseradish

peroxidase, diaminobenzidine (DAB), from Dako, Carpin-

teria, CA]. Slides were lightly counterstained with hema-

toxylin to reveal nuclei, examined and photographed with a

Nikon Eclipse E200 microscope (Japan). Non-specific

mouse IgG1 antibody and purified rabbit pre-immune serum

(DAKO, Kingsgrove, NSW, Australia) were used as isotype

negative controls. The immunostaining was evaluated in the

whole sections with the extent, intensity and localization of

immunostaining assessed independently by two experi-

enced researchers blinded to the evolution of the tumors.

Disagreements (\10 %, often relating to the level of

staining intensity) were resolved by consensus. In these

samples HER2 was considered positive when strong com-

plete membrane staining appeared in[10 % of tumor cells

[28]. b-catenin was evaluated according to Fanelli et al. [1].

The lack of frozen tissues prevents us from complementing

the IHC analysis with more quantitative methods like

western blotting.

Immunocytochemistry (ICC)

Immunofluorescence staining

Cells were fixed with 2 % paraformaldehyde in PBS for

10 min at 37 �C, washed with PBS and blocked with 50 mM

NH4Cl in PBS. Then the cells were permeabilized with

0.05 % saponin in PBS containing 0.5 % BSA, and incubated

with the primary antibodies against HER2 and b-catenin

(described above at 1:100). After washing, cells were incu-

bated with secondary antibody conjugated with FITC (1:500;

Jackson ImmunoResearch Laboratories Incorporated, West

Grove, PA, USA) and Alexa Fluor 555� goat anti-mouse

IgG1 (invitrogen, Eugene, OR). Cells were mounted with

Mowiol (Sigma-Aldrich, Argentina) and examined by con-

focal microscopy using an FV1000 Olympus Confocal

Microscope and FV 10-ASW 1.7 software (Olympus, Japan).

Immunoperoxidase staining

MCF-7 cells were growing on glass coverslips, treated with

increasing Cd concentrations and fixed in 4 % formaldehyde

for 30 min and permeabilized with 0.5 % Triton for 5 min.

Endogenous peroxidase blocking was performed with

0.15 M of sodium azide in PBS plus 0.1 % H2O2 for 30 min.

An antigen retrieval protocol using heat was used to unmask

the antigens (45 min in citrate buffer 0.01 M, pH 6.0). To

block non-specific binding of the antibodies, fixed cells were

incubated with 5.0 % non-fat dry milk in PBS during 30 min,

Table 1 b-catenin localization

and HER2 expression in all

tissue samples examined

a From the 13 HER2-positive

patients, nine expressed

estrogen/progesterone receptors

and the other four were steroid

receptor negative
b Fragmented (the

immunostaining was not

completely surrounding the

plasma membrane of the tumor

cells)

Tissue b-catenin HER2

HER2-positive samples

Normal mammary gland Membrane (9/9) Negative (9/9)

Ductal hyperplasia

(with or without atypia)

Membrane (10/10) Negative (9/10)

Weak positive (1/10)

Ductal carcinoma in situ Membrane only (11/13) Membrane (12/13)

Membrane and cytoplasm (2/13) Negative (1/13)

Invasive breast carcinomas Membrane only (13/47)a Membrane (46)

Cytoplasmic only (18/47) Nuclear only (1)

Cytoplasmic with f. membrane (14/47)b

Cytoplasmic and nuclear (2/47)

HER2-negative samples

Invasive breast carcinomas Membrane only (10/93)

Cytoplasmic only (51/93)

Cytoplasmic with f. membrane (21/93)

Cytoplasmic and nuclear (11/93)
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then washed in PBS and were incubated with the primary

antibodies overnight at 4 �C in humidity chambers, using a

rabbit polyclonal antibody against HER2 oncoprotein (21 N)

used at 1:100 dilution, previously described. A mouse

monoclonal anti b-catenin antibody (cat. no. 18-0226,

Zymed) was also used at 1:400. A commercial kit to detect

mouse and rabbit primary antibodies was used [Dako

EnVision System, horse radish peroxidase, diaminobenzi-

dine (DAB), from Dako, Carpinteria, CA]. Coverslips were

lightly counterstained with hematoxylin to reveal nuclei,

examined and photographed with a Nikon Eclipse E200

microscope (Japan). Non-specific mouse IgG1 antibody and

purified rabbit pre-immune serum (DAKO, Kingsgrove,

NSW, Australia) were used as isotype negative controls.

Statistical analysis

Statistical analyses were completed using the Prism com-

puter program (Graph Pad Software, San Diego, CA); two-

tailed paired t test and one-way ANOVA were used for

data analysis, a p \ 0.05 was considered significant. The

Kaplan-Meier method was used to estimate disease-free

Fig. 1 b-catenin and HER2 expression in serial sections from human

breast tissue adjacent to cancer. b-catenin can be seen at the plasma

membrane in normal glands (a) and in hyperplasia lesions (c), while

HER2 was absent (b and d). In early DCIS both proteins were

expressed at the plasma membrane (e and f). The proteins were

visualized with DAB and all tissues were counterstained with

hematoxylin. The images were captured with a Nikon Eclipse E200

microscope (940 objective). Bar = 10 lm
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survival and overall survival, and differences in outcome

for each variable were compared with the log-rank test.

Results and discussion

b-catenin and HER2 expression in human breast cancer

biopsy samples

Table 1 shows b-catenin localization and HER2 expression

in all tissue samples examined. Forty-seven tumors

(33.5 %) were HER2-positive and these patients did not

receive specific anti-HER2 therapy. In ‘‘normal’’ glands

adjacent to HER2-positive carcinomas as well as in

hyperplasia lesions, b-catenin was mainly expressed in the

plasma membrane while HER2 was absent (Fig. 1). In

in situ carcinomas b-catenin appeared mainly in the plasma

membrane and in certain cases in the cytoplasm while

HER2 appeared in the membrane (Fig. 1). This is consis-

tent with a previous report where HER2 appeared in in situ

carcinomas but not in normal, proliferative disease without

atypia, and in atypical ductal hyperplasias [29].

Fig. 2 Representative photographs of human colon and breast cancer

biopsy samples immunostained to reveal b-catenin and HER2.

a Normal colon showing b-catenin mainly at the surface of the cells.

b Negative control using an isotype matched antibody staining a

colon carcinoma. c Positive control showing b-catenin in the nuclei

and cytoplasm of tumor cells. d Ductal carcinoma in situ (breast)

showing b-catenin at the plasma membrane. e Serial section of d,

immunostained to reveal HER2. f Invasive apocrine breast carcinoma

showing strong b-catenin in apical granules. g Serial section of f,
immunostained to reveal HER2. The images were captured with a

Nikon Eclipse E200 microscope (910–60 objectives). The positive

immunoreactivity appears as brown deposits (DAB), and the slides

were counterstained with hematoxylin to reveal nuclei. Figure

magnifications: a, b: bar = 90 lm; c: bar = 25 lm; d, e:

bar = 40 lm; f, g: bar = 55 lm
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In invasive carcinomas b-catenin was localized: (a) at the

plasma membrane (completely surrounding the tumour

cells), (b) in the cytoplasm only (diffuse or in the form of

granules), (c) in the cytoplasm and in part of the membrane

(fragmented membrane) and (d) in the cytoplasm and in the

nuclei (Table 1; Figs. 2, 3). The human colon tissue included

in the present study was used to demonstrate that the anti-

body against b-catenin that we utilized was able to recognize

Fig. 3 Invasive breast carcinoma biopsy samples with variable

expression of b-catenin and HER2. a b-catenin appears in the

cytoplasm. b Serial section of a, immunostained to reveal HER2

which also appeared in the cytoplasm of tumor cells. c Invasive

mucoid breast carcinoma, note the expression of b-catenin in the

cytoplasm of tumor cells. d Serial section of c, immunostained to

reveal HER2 (mainly in the nuclei). e Invasive breast carcinoma

showing b-catenin expression at the membrane of tumor cells. f Serial

section of e, immunostained to reveal HER2 (membrane). The images

were captured with a Nikon Eclipse E200 microscope (910–60

objectives). The positive immunoreactivity appears as brown deposits

(DAB), and the slides were counterstained with hematoxylin to reveal

nuclei. Bar = 35 lm. Note Immunofluorescence staining was per-

formed in five samples as additional supportive evidence to examine

the co-localization of both proteins of interest, however, since the

samples were taken from a tumor bank stored for more than 10 years,

the formalin-fixed and paraffin embedded material showed high auto-

fluorescence making difficult to localized the proteins in the serial

sections (data not shown)
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the protein located at the plasma membrane (normal colon)

and also the protein located in the nuclei (colon with cancer).

In colon cancer nuclear b-catenin expression has been

associated with metastasis [30]. However, in contrast to

colon cancer where b-catenin is strongly and frequently

observed in the nucleus, in our breast cancer samples nuclear

b-catenin was rarely observed, and when it appeared it did so

with weak immunostaining intensity (Table 1). In a previous

study [31] the authors stated that b-catenin signaling is a

critical event in HER2-mediated mammary tumour pro-

gression using a mouse tumor model where b-catenin was

clearly noted in the nucleus; however, in human breast

cancer samples the same authors showed b-catenin locali-

zation in the cytoplasm, not in the nucleus [31]. This is an

important point, in some HER2 mouse models showing

nuclear b-catenin, the up-regulation of direct b-catenin

transcriptional targets (like Cyclin D1, Sox9, and c-Myc)

may explain the aggressive behaviour of the mammary

tumors [10, 31], but this is not seen in another HER2 mouse

model [11–13], and certainly seems not to reflect the situa-

tion in human breast cancers. More studies are needed to

know why in breast cancers b-catenin is rarely observed in

the nuclear compartment.

On the other hand, nuclear HER2 localization has been

described in breast cancer patients associated with poor

survival [32]. We found strong nuclear HER2 expression in

one patient only (Table 1; Fig. 3).

Interestingly, in the HER2-positive cancer patients, when

the tumors expressed b-catenin as a continuous plasma

membrane immunostaining, there was a strong association

with good prognosis. Figure 4 shows the survival curves

according to b-catenin expression, indicating that plasma

membrane b-catenin localization is a useful tool to identify

HER2-positive patients with good disease prognosis.

In the HER2-negative patients b-catenin expression in

the cytoplasm (with or without membrane) was related

with poor prognosis (although without reaching statistical

significance) (Fig. 4). We have previously described that

cytoplasmic b-catenin distribution (not membrane) was

associated with poor prognosis in human breast cancer

biopsies [1]. The role of the Wnt/b-catenin pathway in

HER2 signaling in breast cancer is incompletely

Fig. 4 Survival curves according to b-catenin expression in the

plasma membrane or in other locations. In the HER2-positive patients

both, the OS (a) and the DFS (b) curves showed statistically

significant differences. Log-rank (Mantel–Cox) test P = 0.003 for OS

and P = 0.0008 for DFS (95 % CI shown in the graph). In the HER2-

negative patients, although the OS (c) and DFS (d) curves also

showed that patients expressing b-catenin in the plasma membrane

had better survival, the curves did not reach significant statistical

differences. There were few samples with nuclear b-catenin expres-

sion (Table 1) for this reason we did not perform survival curves.

M membrane; M ? C membrane ? cytoplasm; C cytoplasm
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understood. Multiple lines of evidence suggest important

links between HER2 and b-catenin signaling in breast

tumorigenesis [33, 34]. However, there are not reports

describing the relationship of b-catenin distribution and

HER2 as a function of breast cancer progression. A recent

publication has shown a positive correlation between

HER2 expression and nucleo-cytoplasmic (i.e., non-plasma

membrane) b-catenin in node-positive carcinomas

(p = 0.02) and in HER2-induced mouse mammary tumors,

with activation of Wnt pathway genes, however the prog-

nostic significance of this finding could not be determined

[35]. The present study is the first report showing a

correlation between membrane b-catenin and HER2 dis-

tribution associated with good prognosis, although few

patients were involved in this study it is of great value

because the patients were not treated with trastuzumab and

they had a long follow-up. In a study on breast cancer

subtypes [36], both cytosolic and nuclear b-catenin were

more frequently observed in basal-like invasive breast

cancers than any other subtype and this was predictive of a

poor outcome. The same authors also reported that mem-

brane-associated b-catenin was observed in all breast

cancer subtypes, and its expression decreased with tumor

progression. Furthermore, in a recent study, aberrant b-

Fig. 5 HER2 and b-catenin

expression in SKBR3 cells

(confocal microscopy). In basal

conditions HER2 appears

mainly at the plasma membrane

while b-catenin is not observed

in this location, but in the

cytoplasm and mainly in the

nuclei. The localization of both

proteins remained unchanged

after Cd or H2O2 administration.

Bar = 22 lm

160 Clin Exp Metastasis (2015) 32:151–168

123

Author's personal copy



catenin expression was significantly associated with

adverse outcome in each of the different molecular sub-

types of breast cancer, and b-catenin activation was pref-

erentially found and associated with a poor clinical

outcome in invasive breast cancers independently of the

molecular subtype [5]. We believe that is necessary to

encourage the study of the correlation between b-catenin

and HER2, when both are at the plasma membrane the

patients might avoid anti-HER2 therapy. This association

can be combined with the identification of p85 protein

expression (which is associated with poor survival in

HER2-positive patients) [37], once validated these markers

might have important implications in the treatment of

HER2-positive patients.

b-catenin and HER2 expression in human breast cancer

cell lines

We studied the dynamics of the co-expression of b-catenin

and HER2 in human SKBR3 and MCF-7 breast cancer

cells. In untreated SKBR3 cells HER2 was noted in the

plasma membrane while b-catenin was mainly expressed in

the nucleus (Fig. 5). This is in agreement with a previous

study where b-catenin has been noted mainly in the nucleus

of SKBR3 cells [31]. Figure 5 also shows the effects of Cd

and H2O2 on the expression of both proteins, in conclusion,

in SKBR3 cells HER2 and b-catenin did not co-localize

significantly at the level of the plasma membrane. In

addition, other stresses like heat shock with and without

Fig. 6 Response of MCF-7 cells to Cd2? administration. a Cd2?

uptake determined by ETAAS. b Survival fraction by clonogenic

assay. c Cell viability by MTT assay. d Nonlinear regression graph

(cytotoxicity of MCF-7 cells following Cd2? administration). e Senes-

cence associated to b-galactosidase assay. Apoptosis evaluated by

TUNEL (f) and cleaved PARP evaluated by western blot (g).

h Quantitative analysis of PARP levels were performed by determin-

ing the ratio between cleaved PARP levels and Tubulin levels from

three different experiments by densitometry. The results represent

mean ± SEM at least three independent experiments. One-way

ANOVA, post-test Dunnett, a = 0.05, ***P \ 0.001, **P \ 0.01

and *P \ 0.05
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H2O2 did not change b-catenin or HER2 localization in

SKBR3 cells. These cells have abundant HER2 protein and

are estrogen receptor and progesterone receptor negative

[38]. It has been reported that geldanamycin (a drug that

destabilizes HER2 protein) treatment did not affect the

stability of b-catenin protein but altered its subcellular

localization, driving it out of the nucleus and increasing its

association with E-cadherin, and this change was associ-

ated with a significant decrease in both proliferation and

motility of SKBR3 cells [7]. Moreover, geldanamycin

treatment induced repression of the Wnt/beta-catenin sig-

naling pathway [7]. In contrast, MCF-7 cells have less

HER2 expression, sometimes they are even described as

HER2-negative [38]. For this reason we were not able to

detect HER2 by immunofluorescence in MCF-7 cells, but

the protein appeared in immunoperoxidase and western

blotting (shown in the next sections). Since in these cells

both proteins were expressed in the plasma membrane, we

then directed our interest to MCF-7 cells to study the

dynamics of the co-expression of b-catenin and HER2.

Effects of Cd to MCF-7 cells

We first evaluated the response of MCF-7 cells to

increasing Cd concentrations. The amount of Cd incorpo-

rated by the MCF-7 cells from the culture medium was

calculated measuring Cd uptake by ETAAS (Fig. 6a). A

correlation between the increasing Cd concentrations and

the intracellular Cd levels was observed. We then analyzed

the effects of Cd administration on MCF-7 cytotoxicity

using a clonogenic assay to visualize colony formation

(Fig. 6b). A high inhibitory effect on cell survival was

obtained at 50 lM Cd. At the same time, we measured cell

viability by MTT assay (Fig. 6c) and when the cells were

treated with 100 lM of Cd for 3 h, the cell viability was

decreased about 17 %, the inhibitory concentration (IC50)

was 511.6 lM CdCl2 [nonlinear regression with a 95 %

confidence interval (CI)] (Fig. 6d). The differences

observed between MTT and clonogenic assays could be

due to the presence of senescent cells which are metabol-

ically active but that have loosed their ability to form

colonies because they undergo permanent cell cycle arrest.

In order to verify if Cd was able to induce cellular senes-

cence, we performed the SA-b-galactosidase assay

(Fig. 6e) noting a significant increase of cell senescence

starting from 10 lM of Cd, reaching a maximum in

100 lM Cd (the increase was of 1.85 fold compared with

the control). We also examined the effects of Cd on

apoptosis in MCF-7 cells by the TUNEL assay (Fig. 6f).

The levels of apoptotic cells were increasing from 5 lM

Cd up to 100 lM Cd, but the increase was 1.67 fold

compared with the control. Apoptosis was also evaluated

Fig. 7 Oxidative stress

evaluated by nitrite

concentrations in MCF-7 and

SKBR3 cells after treatments.

a Comparative graph of both

cell lines after 0, 5, 100 lM Cd

administration. In this case

H2O2 was used as positive

control (oxidative stress).

b Nitrite concentrations in

MCF-7 cells following 18 lM

tamoxifen and after

tamoxifen ? 5, or 100 lM Cd.

Nitrite concentrations in MCF-7

cells (c) after hyperthermia,

hyperthermia ? tamoxifen, and

hyperthermia ? H2O2. Nitrite

concentrations in SKBR3 cells

(d) after hyperthermia, and

hyperthermia ? H2O2. The

results represent mean ± SD at

least three independent

experiments, a = 0.05,

***P \ 0.001
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by cleaved PARP and resulted in a significant increase at

100 lM Cd (Fig. 6g, h).

We then measured NO production (by nitrite released)

in the MCF-7 and SKBR3 cells under the applied

stressful situations (Fig. 7). Cd induced an increased NO

production in both cells lines, higher NO levels were

noted in MCF-7 cells (Fig. 7a). Tamoxifen was able to

increase the NO production, but 5 lM Cd decreased the

Fig. 8 Immunocytochemistry reveals the coordinated modulation of

b-catenin and HER2 following Cd administration in MCF-7 cells.

a Note the strong membrane b-catenin expression in control untreated

cells. b b-catenin increased in the cytoplasm after 5 lM Cd

administration. c After 50 lM Cd administration, there are cell

clusters that maintain b-catenin at the cell membrane (left) while

others express the protein mainly in the cytoplasm, in the perinuclear

region (right). d HER2 membrane expression in untreated control

cells. e HER2 appears at the cell membrane but also in the cytoplasm

of tumor cells after 5 lM Cd administration. f HER2 is noted mainly

in the cytoplasm (perinuclear region) and diminished at the cell

membrane following 50 lM Cd administration. g Cells exposed to

tamoxifen had b-catenin at the plasma membrane but mainly in the

cytoplasm, while HER2 expression decreased and was seen as dots in

the cytoplasm only (j). The effects of Cd were interfered when

tamoxifen was added, b-catenin appeared mainly in the cytoplasm but

not in the perinuclear region (h, i). HER2 practically disappeared

from the plasma membrane and is noted in the cytoplasm of cell

clusters following Cd ? tamoxifen administration (k, l). The images

were captured with a Nikon Eclipse E200 microscope (X10–60

objectives). The positive immunoreactivity appears as brown depos-

its, and the cells were lightly counterstained with hematoxylin to

reveal nuclei. Bar = 25 lm
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NO production due to tamoxifen. In contrast, the NO

production increased significantly at 100 lM

Cd ? tamoxifen (Fig. 7b). Hyperthermia alone induced

an increased production of NO, however, heat shock

protected both MCF-7 and SKBR3 cells to subsequent

stresses like tamoxifen and H2O2 (Fig. 7c, d). Lipid

peroxidation was significantly increased by Cd treatment

in both cell lines, higher levels were noted in SKBR3

Fig. 9 Immunocytochemistry reveals different localizations of b-

catenin and HER2 following heat shock and H2O2 administration in

MCF-7 cells. a and c Note the strong b-catenin expression in the

perinuclear region following heat shock. b and d HER2 was still seen

at the plasma membrane in some cells but it appeared diffuse in the

cytoplasm of most cells. Note the large MCF-7 cells showing b-

catenin in the perinuclear region and lack of HER2 after heat shock.

Drastic changes were noted following heat shock (HS) ? H2O2

treatment, b-catenin was seen condensed in the perinuclear area

(e) while HER2 was diffusely observed in the cytoplasm and even

translocated to the nucleus (f). The images were captured with a

Nikon Eclipse E200 microscope (X10–60 objectives). The positive

immunoreactivity appears as brown deposits, and the cells were

lightly counterstained with hematoxylin to reveal nuclei.

Bar = 30 lm
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cells (supplementary figure). TBARS levels for tamoxifen

and hyperthermia were modified in the same way as

those obtained with NO production (supplementary

figure).

b-catenin and HER2 cellular localization in MCF-7

cells after stressful conditions

We then studied the dynamic behavior of these two pro-

teins under the stressful situation driven by Cd adminis-

tration; Cd is a metalloestrogen usually found at higher

levels in human breast cancer tissues [21]. In untreated

cells b-catenin remained on the plasma membrane mostly

in cell–cell contacts (less amount in the cytoplasm)

(Fig. 8a). When the cells were subjected to 5 lM Cd an

increase of cytoplasmic b-catenin reaction was observed

(Fig. 8b). Interestingly after 50 lM Cd administration, we

noticed cell clusters that maintained b-catenin expression

at the cell membrane (Fig. 8c, left), while the rest of cells

with low confluence showed a cytoplasmic localization at

the perinuclear region (Fig. 8c, right). The expression

pattern of HER2 was quite similar to that of b-catenin. In

cells without Cd treatment, HER2 appeared mainly in the

plasma membrane (Fig. 8d), after 5 lM Cd it was

expressed on plasma membrane of certain cells and in the

cytoplasm of others (Fig. 8e). When cells were subjected to

50 lM Cd, HER2 was noted mainly in the cytoplasm at the

perinuclear region as dots, whereas in the proximity of the

cell membrane it appeared in a diffuse pattern (Fig. 8f).

These results point to the important effects of Cd on the

localization of both proteins. Since Cd is a metalloestrogen,

we then exposed the cells to tamoxifen. Tamoxifen alone

produced significant changes in both b-catenin and HER2

localization (Fig. 8g, j). Tamoxifen was able to interfere

with the changes in cellular localization of the proteins

induced by Cd administration (Fig. 8h, i, k, l).

We then exposed the MCF-7 cells to heat shock and

H2O2 (Fig. 9). Heat shock induced b-catenin expression in

the perinuclear area while HER2 remained in the plasma

membrane but was also expressed the cytoplasm. More

Table 2 b-catenin and HER2

expression in MCF-7 cells

a Scores used for intensity and

proportion (see details in

Materials and methods section)

representing the means of 100

observations

Cells and stimulation b-catenin HER2

MCF-7

Untreated Membrane (2 ? 3)a Membrane (2 ? 3)

Cytoplasm (1 ? 3) Cytoplasm (1 ? 3)

Cadmium 5 lM Membrane (2 ? 1) Membrane (2 ? 1)

Cytoplasm (2 ? 4) Cytoplasm (1 ? 4)

Cadmium 50 lM Membrane (2 ? 2) Membrane (2 ? 1)

Cytoplasm perinuclear (2 ? 3) Cytoplasm perinuclear (2 ? 3)

Tamoxifen (TAM) 18 lM Membrane (2 ? 1) Membrane (0)

Cytoplasm (2 ? 4) Cytoplasm (2 ? 3)

Cadmium 5 lM ? TAM Membrane (0) Membrane (0)

Cytoplasm (2 ? 4) Cytoplasm (2 ? 4)

Cadmium 50 lM ? TAM Membrane (0) Membrane (0)

Cytoplasm (2 ? 4) Cytoplasm perinuclear (2 ? 2)

Heat shock (HS) Membrane (2 ? 1) Membrane (1 ? 1)

Cytoplasm perinuclear (1 ? 3) Cytoplasm (1 ? 2)

H2O2 60 lM Membrane (2 ? 3) Membrane (0)

Cytoplasm perinuclear (2 ? 1) Cytoplasm (1 ? 3)

H2O2 100 lM Membrane (1 ? 2) Membrane (0)

Cytoplasm perinuclear (2 ? 1) Cytoplasm (2 ? 4)

HS ? H2O2 30 lM Membrane (2 ? 1) Membrane (1 ? 1)

Cytoplasm (1 ? 1) Cytoplasm perinuclear (2 ? 3)

Nuclear (0) Nuclear (1 ? 1)

HS ? H2O2 60 lM Membrane (2 ? 1) Membrane (1 ? 1)

Cytoplasm (2 ? 2) Cytoplasm (1 ? 2)

Nuclear (0) Nuclear (1 ? 1)

HS ? H2O2 100 lM Membrane (2 ? 1) Membrane (0)

Cytoplasm perinuclear (2 ? 2) Cytoplasm (2 ? 2)

Nuclear (0) Nuclear (2 ? 2)
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drastic changes in the cellular localization of these proteins

were noted after heat shock and H2O2 administration

(Fig. 9). The detailed b-catenin and HER2 expression in

untreated control conditions and following the stressful

situations is shown in Table 2.

By cellular fractionation, b-catenin did not change sig-

nificantly in the whole cell extract, however, in the mem-

brane fraction b-catenin decreased significantly, while in

the cytosolic extract it increased significantly with

increasing Cd concentrations (Fig. 10a). Moreover, HER2

protein was expressed in all different cell extracts without

significant changes (Fig. 10b). These results reflected the

dynamic changes observed previously by IHC and ICC

under Cd treatment.

These results are showing an important aspect of what is

happening under stressful situations. The degree to which

b-catenin participates in cadherin-based adhesions, and/or

as co-activator of Wnt-mediated gene expression functions

is dictated by the availability of b-catenin binding partners.

And these binding interactions are regulated by phos-

phorylation allowing its subcellular distribution and

function. Inputs from various cell-signaling events can

therefore impact on b-catenin/HER2 function, which may

be necessary for finely tune adhesion and signaling

responses. In fact, it is known that HER2 phosphorylates b-

catenin at Tyr 654, leading to dissociation of the E-cad-

herin/b-catenin membrane complex and increased signal-

ing to Wnt target genes such as cyclin D1 [7]. In addition,

HER2 has been reported to transcriptionally activate

expression of the Wnt pathway targeting gene Jab1 via an

Akt/b-catenin pathway in breast cancer cells [36]. How-

ever, indirect interactions between b-catenin and HER2

may also be possible. There is recent evidence that p21-

activated kinases 1 (Pak1) had a direct role in b-catenin

stabilization in colon cancer cells via phosphorylation of b-

catenin at Ser 675 and Ser 663/675 [39], and also HER2

activated Pak1 [40]. With these findings it has been

delineated a signaling pathway from HER2 to Pak1 to b-

catenin that is required for efficient transformation of

mammary epithelial cells [41].

On the other hand, Shaiken and Opekun [42] have

presented the methodology to isolate the perinuclear region

Fig. 10 Western blot analysis of different MCF-7 subcellular frac-

tions, effects of Cd2? on b-catenin and HER2 expression. a Note the

increase in b-catenin content caused by Cd2? mainly in the

cytoplasmic fraction (obtained after centrifugation, excluding the

membrane and nuclear fractions). b-catenin significantly decreased in

the membrane fraction following Cd2? administration. b HER2 was

increased in the total homogenate following Cd2? administration,

while remained relatively constant in the membrane fractions. No

immunoreaction could be detected in the nuclear fractions (not

shown). Quantitative analysis of b-catenin and HER2 were performed

by determining the ratio between b-catenin and tubulin and HER2 and

tubulin from three different experiments by densitometry
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as a formal identifiable structure, describing the different

proteins that can be located there (resident proteins or

proteins that are shuffled from other parts of the cells). This

region is a dynamical structure important to maintain the

integrity of the cellular genome, therefore, our study shows

that under certain conditions b-catenin is translocated to

this region opening the possibility that this protein is

playing another role in breast cancer.

In conclusion, these studies show in human breast can-

cer cells the dynamical associations of HER2 and b-catenin

emphasizing the changes in their subcellular localizations

induced by certain stressful situations. In addition, we

report for the first time the correlation between plasma

membrane associated b-catenin in HER2-positive breast

cancer and survival outcome, the study stresses the

importance of examining protein localization in breast

cancer samples.

Acknowledgments This work was supported by the National

Research Council of Argentina (CONICET) (PIP to DRC). This work

is part of the Thesis (DAO) for the PROBIOL, UNCuyo, Mendoza,

Argentina.

References

1. Fanelli MA et al (2008) P-cadherin and beta-catenin are useful

prognostic markers in breast cancer patients; beta-catenin inter-

acts with heat shock protein Hsp27. Cell Stress Chaperones

13(2):207–220

2. Rosenbluh J, Wang X, Hahn WC (2014) Genomic insights into

WNT/beta-catenin signaling. Trends Pharmacol Sci 35(2):

103–109

3. Gao C, Xiao G, Hu J (2014) Regulation of Wnt/beta-catenin

signaling by posttranslational modifications. Cell Biosci 4(1):13

4. Lopez-Knowles E et al (2010) Cytoplasmic localization of beta-

catenin is a marker of poor outcome in breast cancer patients.

Cancer Epidemiol Biomark Prev 19(1):301–309

5. Li S, Sun Y, Li L (2014) The expression of beta-catenin in dif-

ferent subtypes of breast cancer and its clinical significance.

Tumour Biol 35(8):7693–7698

6. Kanai Y et al (1995) c-erbB-2 gene product directly associates

with beta-catenin and plakoglobin. Biochem Biophys Res Com-

mun 208(3):1067–1072

7. Wang K et al (2007) Geldanamycin destabilizes HER2 tyrosine

kinase and suppresses Wnt/beta-catenin signaling in HER2

overexpressing human breast cancer cells. Oncol Rep 17(1):

89–96

8. Shibata T et al (1996) Dominant negative inhibition of the

association between beta-catenin and c-erbB-2 by N-terminally

deleted beta-catenin suppresses the invasion and metastasis of

cancer cells. Oncogene 13(5):883–889

9. van Veelen W et al (2011) Beta-catenin tyrosine 654 phosphor-

ylation increases Wnt signalling and intestinal tumorigenesis. Gut

60(9):1204–1212

10. Schroeder JA et al (2002) ErbB-beta-catenin complexes are

associated with human infiltrating ductal breast and murine

mammary tumor virus (MMTV)-Wnt-1 and MMTV-c-Neu

transgenic carcinomas. J Biol Chem 277(25):22692–22698

11. Sloan EK et al (2009) Stromal cell expression of caveolin-1

predicts outcome in breast cancer. Am J Pathol 174(6):

2035–2043

12. Ciocca DR et al (2012) Absence of caveolin-1 alters heat shock

protein expression in spontaneous mammary tumors driven by

Her-2/neu expression. Histochem Cell Biol 137(2):187–194

13. Cuello-Carrion FD et al (2013) In MMTV-Her-2/neu transgenic

mammary tumors the absence of caveolin-1-/- alters PTEN and

NHERF1 but not beta-catenin expression. Cell Stress Chaperones

18(5):559–567

14. Gago FE, Fanelli MA, Ciocca DR (2006) Co-expression of ste-

roid hormone receptors (estrogen receptor alpha and/or proges-

terone receptors) and Her2/neu (c-erbB-2) in breast cancer:

clinical outcome following tamoxifen-based adjuvant therapy.

J Steroid Biochem Mol Biol 98(1):36–40

15. Parker BS et al (2008) Primary tumour expression of the cysteine

cathepsin inhibitor Stefin A inhibits distant metastasis in breast

cancer. J Pathol 214(3):337–346

16. Straif K et al (2009) A review of human carcinogens–part C:

metals, arsenic, dusts, and fibres. Lancet Oncol 10(5):453–454

17. Cogliano VJ et al (2011) Preventable exposures associated with

human cancers. J Natl Cancer Inst 103(24):1827–1839

18. Gallagher CM, Chen JJ, Kovach JS (2010) Environmental cad-

mium and breast cancer risk. Aging (Albany NY) 2(11):804–814

19. McElroy JA et al (2006) Cadmium exposure and breast cancer

risk. J Natl Cancer Inst 98(12):869–873

20. Benbrahim-Tallaa L et al (2009) Cadmium malignantly trans-

forms normal human breast epithelial cells into a basal-like

phenotype. Environ Health Perspect 117(12):1847–1852

21. Pasha Q et al (2008) Comparative evaluation of trace metal

distribution and correlation in human malignant and benign

breast tissues. Biol Trace Elem Res 125(1):30–40

22. Gutiérrez JG et al (2008) Interleukin-12p40 contributes to pro-

tection against lung injury after oral Yersinia enterocolitica

infection. Inflamm Res 57(11):504–511

23. Liu Y et al (1997) Mechanism of cellular 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction. J Neu-

rochem 69(2):581–593

24. Cuello-Carrion FD, Ciocca DR (1999) Improved detection of

apoptotic cells using a modified in situ TUNEL technique.

J Histochem Cytochem 47(6):837–839

25. Dimri GP et al (1995) A biomarker that identifies senescent

human cells in culture and in aging skin in vivo. Proc Natl Acad

Sci USA 92(20):9363–9367

26. Molina R et al (1992) Expression of HER-2/neu oncoprotein in

human breast cancer: a comparison of immunohistochemical and

western blot techniques. Anticancer Res 12(6B):1965–1971

27. Ciocca DR et al (1992) Correlation of HER-2/neu amplification

with expression and with other prognostic factors in 1103 breast

cancers. J Natl Cancer Inst 84(16):1279–1282

28. Wolff AC et al (2013) Recommendations for human epidermal

growth factor receptor 2 testing in breast cancer: American

Society of Clinical Oncology/College of American Pathologists

clinical practice guideline update. J Clin Oncol 31(31):

3997–4013

29. Allred DC, O’Connell P, Fuqua SA, Osborne CK (1994)

Immunohistochemical studies of early breast cancer evolution.

Breast Cancer Res Treat 32(1):13–18

30. Suzuki H et al (2008) Nuclear beta-catenin expression at the

invasive front and in the vessels predicts liver metastasis in

colorectal carcinoma. Anticancer Res 28(3B):1821–1830

31. Schade B et al (2013) b-Catenin signaling is a critical event in

ErbB2-mediated mammary tumor progression. Cancer Res

73(14):4474–4487

32. Cordo Russo RI et al (2014) Targeting ErbB-2 nuclear localiza-

tion and function inhibits breast cancer growth and overcomes

Clin Exp Metastasis (2015) 32:151–168 167

123

Author's personal copy



trastuzumab resistance. Oncogene 2014 Sep 1;0. doi:10.1038/

onc.2014.272. [Epub ahead of print]

33. Hsu MC, Chang HC, Hung WC (2007) HER-2/neu transcrip-

tionally activates Jab1 expression via the AKT/beta-catenin

pathway in breast cancer cells. Endocr Relat Cancer

14(3):655–667

34. Incassati A et al (2010) Key signaling nodes in mammary gland

development and cancer: beta-catenin. Breast Cancer Res

12(6):213

35. Khalil S et al (2012) Activation status of Wnt/ss-catenin signaling

in normal and neoplastic breast tissues: relationship to HER2/neu

expression in human and mouse. PLoS ONE 7(3):e33421

36. Khramtsov AI et al (2010) Wnt/beta-catenin pathway activation

is enriched in basal-like breast cancers and predicts poor out-

come. Am J Pathol 176(6):2911–2920

37. Pavlakis K et al (2014) p85 Protein expression is associated with

poor survival in HER2-positive patients with advanced breast

cancer treated with Trastuzumab. Pathol Oncol Res 2014 Aug 8.

doi:10.1007/s12253-014-9818-2. [Epub ahead of print]

38. Subik K et al (2010) The expression patterns of ER, PR, HER2,

CK5/6, EGFR, Ki-67 and AR by immunohistochemical analysis

in breast cancer cell lines. Breast Cancer: Basic Clin Res 4:35–41

39. Park MH et al (2012) Phosphorylation of beta-catenin at serine

663 regulates its transcriptional activity. Biochem Biophys Res

Commun 419(3):543–549

40. Arias-Romero LE et al (2010) A Rac-Pak signaling pathway is

essential for ErbB2-mediated transformation of human breast

epithelial cancer cells. Oncogene 29(43):5839–5849

41. Arias-Romero LE et al (2013) Pak1 kinase links ErbB2 to beta-

catenin in transformation of breast epithelial cells. Cancer Res

73(12):3671–3682

42. Shaiken TE, Opekun AR (2014) Dissecting the cell to nucleus,

perinucleus and cytosol. Sci Rep 4:4923

168 Clin Exp Metastasis (2015) 32:151–168

123

Author's personal copy

http://dx.doi.org/10.1038/onc.2014.272
http://dx.doi.org/10.1038/onc.2014.272
http://dx.doi.org/10.1007/s12253-014-9818-2

	HER2 and beta -catenin protein location: importance in the prognosis of breast cancer patients and their correlation when breast cancer cells suffer stressful situations
	Abstract
	Introduction
	Materials and methods
	Human breast cancer tissues
	Cultured cells and treatments
	Treatments

	Measurement of Cd uptake
	Cytotoxicity assay
	Clonogenic assay
	Apoptosis analysis
	Cellular fractionation
	Western blotting
	Senescence-associated beta -galactosidase assay
	Immunohistochemistry (IHC)
	Immunocytochemistry (ICC)
	Immunofluorescence staining
	Immunoperoxidase staining

	Statistical analysis

	Results and discussion
	 beta -catenin and HER2 expression in human breast cancer biopsy samples
	 beta -catenin and HER2 expression in human breast cancer cell lines
	Effects of Cd to MCF-7 cells
	 beta -catenin and HER2 cellular localization in MCF-7 cells after stressful conditions

	Acknowledgments
	References


