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Introduction: Histone deacetylase inhibitors (HDIs) are a group of compounds that exhibit

anticancer activity, but their significance and usefulness in breast cancer (BC) treatment are

still controversial. The ability of cancer cells to invade and migrate is augmented by the

acquisition of a mesenchymal phenotype – a process known as epithelial-to-mesenchymal

transition (EMT). Changes in the expression level of different cadherins, so-called cadherin

switches, have been used to monitor the EMT process in development and tumor progres-

sion, in particular migration and invasion potential. The aim of this study was to analyze the

influence of two HDIs – valproic acid (VPA) and vorinostat (SAHA) – on the migration

potential of different BC cell types, as well as on EMT, or its reverse process – mesench-

ymal-to-epithelial transition, progression by means of shift in epithelial and mesenchymal

marker expression.

Methods: HDI treatment-induced expression of E- and N-cadherin at the mRNA and protein

levels was evaluated by qPCR, Western blotting and immunostaining methods, respectively.

BC cell proliferation and migration were assessed by BrdU, xCELLigence system and

wound-healing assay.

Results: VPA and SAHA inhibited the proliferation and migration in a dose- and time-

dependent manner, regardless of the BC cell type. Unawares, BC cells having a more

mesenchymal phenotype (MDA-MB-468) were found to overexpress N-cadherin, whereas

BC lines having an epithelial phenotype (T47D, MCF7) responded to HDI treatment by a

significant increase of E-cadherin expression.

Discussion: We suggest that HDAC inhibition results in a more relaxed chromatin con-

comitant to an increase in the expression of already expressing genes.

Conclusion: By using multiple cancer cell lines, we conclude that HDI induction or reversal

of EMT is not a universal mechanism, yet inhibition of cell migration is, and thus EMT

should not be considered as the only measurement for tumor aggressiveness.
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Introduction
Breast cancer (BC) is the most common malignancy among women worldwide,

contributing 24% of the total number of new cases diagnosed with cancer in 2018.

Furthermore, it was the most frequent cause of cancer death (15% of total) in 2018.1

BC is a heterogeneous disease, consisting of tumors with different pathologic and
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molecular characteristics, which presents significant chal-

lenges for treatment.2,3 Classification of BC is currently

based on molecular subtypes in order to reflect the hor-

mone responsiveness of the tumor. According to the spe-

cific molecular features, BCs can be separated into two

main classes (expressing hormone receptors or not) and

five intrinsic subtypes (luminal subtype A, luminal subtype

B, human epidermal growth factor receptor 2 (HER2)-

enriched subtype, basal-like subtype, normal breast-like

type). This classification reflects the BC heterogeneity

and complexity of diagnosis, prognosis, and treatment.4,5

Advancement in the therapy has significantly improved the

survival of patients diagnosed with hormone receptor-posi-

tive BC.6 However, the therapy of triple-negative breast

cancer (TNBC), defined by the lack of immunohistochem-

ical expression of estrogen receptor (ER), progesterone

receptor (PR) and absence of overexpression and/or ampli-

fication of HER2 characterized by aggressive clinical

course, early development of visceral metastases and a

destitute long-term prognosis, is one of the most important

challenges of medicine.6,7 Hence, there is a need to find

novel therapeutic agents against BC, in order to outrank

the resistance and the invasiveness of already existing

therapy, and to increase the effectiveness of treatment.

Given the fact that epigenetic mechanisms control the

initiation and progression of BC, there is an increasing

interest in the molecules which participate in epigenetic

modifications of genes expressed in tumorigenesis.8

Histone acetylation is a crucial epigenetic modification con-

trolled by a balance in activity between histone acetyltrans-

ferases and histone deacetylases (HDACs) enzymes,

enabling to activate or repress numerous genes. Aberrant

histone acetylation patterns are found in different types of

cancer. Low levels of H4K16 and H4K12 acetylation are

suggested as an early event in BC development.9,10

Thereby, compounds ameliorating these and other histone

modifications may become potential drugs in BC treatment.

Histone deacetylase inhibitors (HDIs) are a structurally

diversified group of compounds that, by inhibiting HDACs,

increase histone acetylation and thereby alter gene transcrip-

tion. It has been suggested that their anticancer effects are

exerted through induction of apoptosis, autophagy eliciting

cell death, cell-cycle arrest, inhibition of migration and inva-

sion, induction of re-differentiation of cancer cells, immuno-

modulatory responses, inhibition of stress responses, increased

generation of oxidative stress and regulation of noncoding

RNA expression in tumor cells, utilizing different intracellular

mechanisms including upregulation of p21 (p21Cip1/Waf1);

hyperacetylation of Runt-related transcription factor 3

(Runx3); downregulation of Bcl-2, Bcl-xl, Mcl-1, X-linked

inhibitor of apoptosis protein (Xiap) or survivin and transcrip-

tional upregulation of autophagic key regulators such as Lc3,

Beclin-1 and Atg proteins.11,12 The mechanisms of the antic-

ancer activities of individual HDIs differ since these agents act

by modifying downstream signaling pathways.13 These antic-

ancer mechanisms have not been fully resolved, partly as their

effects are cell type, dose, and time dependent. Moreover,

HDIs do not only affect histone–DNA complexes, but also

the acetylation status of nonhistone proteins, eg, p53 or signal

transducer and activator of transcription 3 (STAT3).11 In con-

trast, HDIs have been reported to act selectively toward cancer

cells over normal cells.12

Cell migration is an essential process during embryonic

development, inflammation, wound healing and metastasis of

cancer cells. The ability of cancer cells to migrate has been

associated with a process called epithelial-to-mesenchymal

transition (EMT) where the loss of epithelial phenotype, char-

acterized by the expression of E-cadherin, is followed by the

gain of amesenchymal phenotype characterized by the expres-

sion of N-cadherin, vimentin and fibronectin.14,15 E-cadherin

(E-cad), the product of the E-cadherin gene (CDH1) located

on the long arm of chromosome 16 (16q22.1), is a calcium-

dependent epithelial transmembrane glycoprotein that

mediates cell-to-cell adhesion and helps maintain the morpho-

logical integrity of epithelial cells by forming homodimers

with E-cadherin molecules on adjacent cells via its extracel-

lular domain.16 N-cadherin (N-cad) is a 140 kDa protein and is

an integral membrane, calcium-binding glycoprotein that

mediates the intercellular adhesion.17,18 Presence of N-cad-

herin is associated with more aggressive behavior of epithe-

lial-derived solid malignancies and can be regarded as a

predictor of poor survival, based on meta-analysis involving

36 studies with 5705 patients.19 Therefore, in our study, we

elected to investigate the effect of the two representative HDIs

– valproic acid (VPA) and vorinostat (SAHA) – on the migra-

tion and proliferation of T47D, MCF7, MDA-MB-231 and

MDA-MB-468 human BC cells as a measure of invasion

potency in parallel with analyzing potential shifts in expres-

sion of epithelial andmesenchymal markers involved in EMT/

mesenchymal-to-epithelial transition (MET) progression.

Materials and methods
Drugs
Suberoylanilide hydroxamic acid (SAHA) and VPA were

purchased from Cayman Chemical (San Diego, CA, USA)
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and Sigma Chemicals (Saint Louis, MO, USA), respec-

tively. Stock solutions of SAHA (10 μM) and VPA (100

mM) were prepared in dimethyl sulfoxide (DMSO) and

PBS with Ca2+ and Mg,2+ respectively. The drugs were

diluted with culture medium to the respective concentra-

tion just before use.

Cell lines
T47D (ATCC® HTB-133™), MCF7 (ATCC® HTB-22™),

MDA-MB-231 (ATCC® CRM-HTB-26™), MDA-MB-468

(ATCC® HTB-132™) and BT-549 (ATCC® HTB-122™)

human BC cell lines were obtained from the American

Type Culture Collection (Manassas, VA, USA). T47D,

MCF7, MDA-MB-231 and MDA-MB-468 cancer cells

were grown in DMEM/Nutrient F-12 Ham (DMEM/F12)

culture medium (Sigma) with 10% FBS (Sigma), penicillin

(100 IU/mL) (Sigma) and streptomycin (100 μg/mL)

(Sigma). BT-549 cells were maintained in Roswell Park

Memorial Institute Medium (RPMI) culture medium

(ATTC) with 0.023 U/mL insulin (Sigma), 10% FBS

(ATTC), penicillin (100 IU/mL) (Sigma) and streptomycin

(100 μg/mL) (Sigma). Mycoplasma-free cultures were main-

tained in a humidified atmosphere with 5% CO2 at 37°C.

Cell proliferation ELISA, BrdU assay
T47D, MCF7, MDA-MB-231 and MDA-MB-468 cells

were placed on 96-well plates (Nunc, Roskilde, Denmark)

at a density of 1×104cells/mL. After 24 hrs, cells were

treated with 0.25–10 mM VPA or 0.25–5 µM SAHA for

48 hrs. DNA synthesis in proliferating cells was evaluated

by measurement of 5-bromo-2ʹ-deoxyuridine (BrdU) incor-

poration using Cell Proliferation ELISA, Brdkit (Roche,

Basel, Switzerland). Absorbance was measured at 450 nm

with the use of an Infinite M200 Pro microplate reader

(Tecan, Männedorf, Switzerland).

Wound-healing assay
Scratch assay was used to assess the effects of VPA and

SAHA on migration of BC cells. T47D, MCF7, MDA-MB-

231 and MDA-MB-468 cancer cells were plated at 5×105

cells/mL in 2 mL of complete growth medium on culture

dishes (4 cm in diameter) (Nunc). On the following day, the

monolayer of cells was scratched using a pipet tip (P300) to

create one linear wound. The cells were rinsed with PBS

and covered with a fresh medium with 1% FBS (control) or

fresh medium supplemented with VPA (2 mM, 5 mM) or

SAHA (2 µM, 5 µM). After 24 hrs, plates were stained with

May–Grünwald–Giemsa method. The observation was

performed with Nikon Eclipse TS100 Microscope (Nikon

Precision Inc, Tokyo, Japan).

Real-time migration monitoring –
xCELLigence RTCA DP
Cell migration was monitored using the xCELLigence

RTCA DP (Real-Time Cell Analyzer Dual Plate)

Instrument (ACEA Biosciences Inc., San Diego, CA, USA)

in a humidified atmosphere at 37°C and 5% CO2. In this

system, cells migrate from the upper chamber through the

microporous polyethylene terephthalate (PET) membrane

containing microfabricated gold electrodes into the bottom

chamber, in response to a chemoattractant. Migrating cells

adhere to the electronic gold sensors on the underside of the

membrane, resulting in an increase in the electrical impe-

dance. The increase in the impedance correlates with increas-

ing numbers of migrated cells. BC cells were maintained in

the culture medium supplemented with 1% FBS for 24 hrs

and seeded (4×104/well) in Real-Time Cell Analyzer

(RTCA) Cell Invasion and Migration (CIM)-16 plates in

medium containing 1% FBS (control) or medium with 1%

FBS and VPA (2 mM, 5 mM) or SAHA (2 µM, 5 µM),

respectively. The upper chamber was placed on the lower

part of the CIM plate containing growth medium supplemen-

ted with 20% FBS as a chemoattractant or medium without

FBS (negative control of migration). After 30 mins of incu-

bation at room temperature (RT), CIM plates were placed

onto the RTCA station. Cell migration was continuously

monitored throughout 48 hrs by measuring changes in the

electrical impedance. Recording of cell index (CI) as well as

subsequent data analysis was performed using the RTCA

Software 1.2 (ACEA Biosciences Inc.).

Immunostaining
T47D and MDA-MB-468 BC cells were seeded into 8-

well culture slides (Corning, New York, NY, USA) at a

density of 4×104 cells/mL/chamber and grown in a com-

plete medium (control) or medium containing selected

concentrations of SAHA and VPA. After 48 hrs of treat-

ment, the cells were washed in PBS and fixed with metha-

nol at −20°C for 10 mins. Next, the cells were washed 3×5

mins in PBS, quenched 2×5 mins with PBS containing

50mM of NH4Cl and blocked with Boehringer blocking

reagent (Sigma) and 0.2% Triton X-100 (Sigma) for 60

mins, then the cells were probed 2 hrs with anti-E-cadherin

(1:50, rabbit polyclonal, Santa Cruz Biotechnology

(Dallas, TX, USA)) or anti-N-cadherin (1:50, mouse
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monoclonal, Santa Cruz Biotechnology, Inc) antibodies in

blocking reagent. Subsequently, the cells were washed 3×5

mins in PBS containing 0.2% Triton X-100, incubated in

darkness for 1 hr at RT with donkey anti-mouse JgG Alexa

Fluor 555 (1:500, Invitrogen, Carlsbad, CA, USA) or

donkey anti-rabbit IgG Alexa Fluor 647 (1:500,

Invitrogen) antibodies in blocking reagents, respectively.

Next, the cells were washed 3×5 mins in PBS, mounted

with antifade medium with DAPI (Invitrogen) and ana-

lyzed under a confocal laser-scanning microscope (Nikon

Eclipse Ti, Tokyo, Japan) equipped with 100x oil immer-

sion objective. Secondary antibody controls were designed

for each experiment.

RNA isolation and cDNA synthesis
BC cells were seeded into 6-well culture plates at a density

of 2.5×105 cells/mL. The next day, the cells were incu-

bated with selected concentrations of VPA and SAHA for

24 hrs. Total RNA from the cells was isolated using the

High Pure RNA Isolation Kit (Roche) following the man-

ufacturer’s instruction. The RNA concentration was deter-

mined using NanoQuant Plate and Tecan Infinite M200

Pro (Männedorf, Switzerland) at 260/280 nm. 1 μg of total

RNAwas reverse transcribed for 60 mins at 50°C using an

anchored-oligo(dT)18 primer and the Transcriptor High

Fidelity cDNA Synthesis Kit (Roche) followed by 5-min

inactivation of Transcriptor Reverse Transcriptase at 85°C

according to manufacturer’s protocol.

qPCR
Quantitative real-time expression analysis was performed

using a LightCycler®480 II instrument (Roche). cDNA was

used as a template for RT-PCR run using LightCycler® 480

SYBR Green I Master (Roche). The relative amount of

mRNA was normalized to the expression of GAPD.

Amplification was performed in 10 μL of reaction mixture

containing: cDNA amount corresponding to 12.5 ng of total

RNA, x SYBR Green Master Mix and appropriate set of 0.5

μMprimers for each gene. The gene-specific oligonucleotide

primer sequences used in the present study were as follows:

E-cadherin (forward: 5ʹ-CAGGCTCAAGCTATCCTTGC-

3ʹ, reverse: 5ʹ-AGTCATGCGTAGTGGTGCAT-3ʹ); N-cad-

herin (forward: 5ʹ- GGTGGAGGAGAAGAAGACCAG-3ʹ,

reverse: 5ʹ-GGCATCAGGCTCCACAGT-3ʹ), GAPD (for-

ward: 5ʹ-CTCTGCTCCTCCTGTTCGAC-3ʹ, reverse: 5ʹ-

GCCCAATACGACCAAATCC-3ʹ). After 5 mins of initial

incubation at 95°C, cDNA was amplified in 45 cycles con-

sisting of 10 s denaturation at 95°C, 30 s annealing at 60°C

and 10 s elongation at 75°C. A melting curve analysis was

performed to distinguish specific products from nonspecific

products and primer dimers. Obtained fluorescence data were

calculated using a relative quantification method with effi-

ciency correction.

Protein extraction and Western blotting

analysis
T47D, MCF7, MDA-MB-231 and MDA-MB-468 BC cells

(2.5×105 cells/mL) were incubated in the culture medium for

24 hrs in 6-well plates (Nunc). The next day, cancer cells

were treated with different concentrations of VPA and SAHA

for 48 hrs. After 48 hrs of incubation, the cells were washed

in PBS and lysed in RIPA buffer (ready-to-use solution

containing 150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5%

sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0)

(Sigma) enriched with protease inhibitor cocktail (Sigma)

for 60 mins at 4°C. Then, the lysates were centrifuged at

4000×g for 10 mins at 4°C. Protein concentration was quan-

tified using a BCA protein assay kit (Pierce® BCA Protein

Assay Kit, Thermo Scientific, Rockford, IL. USA). For

Western-blot analysis, supernatants of RIPA cell lysates

were solubilized in 6×Laemmli sample buffer (50% glycerol,

10% SDS, 300 mM Tris-HCl pH 6.8, 0.05% bromophenol

blue, 6.25% β-mercaptoethanol) and boiled for 5 mins at

100°C. 20 µg of protein extracts was separated on 10%

SDS-PAGE and transferred onto the Immobilon P membrane

(Merck, Darmstadt, Germany). Following the transfer, the

membrane was blocked with blocking buffer (5% nonfat

dried milk in TBS/0.1% Tween-20 (TBST)) for 1 hr at RT

and incubated overnight at 4°C with the following primary

antibodies: E-cadherin (1:1000 in 5% non-fat dried milk/

TBST, rabbit polyclonal, Santa Cruz), N-cadherin (1:1000

in 5% non-fat dried milk/TBST, mouse monoclonal, Santa

Cruz), β-actin (1:500 in 5% nonfat dried milk/TBST, mouse

monoclonal, Santa Cruz). β-actin was used as a loading

control. On the following day, the membrane was washed

and then incubated with an appropriate horseradish perox-

idase-labeled secondary antibody (1:250 in 5% nonfat dried

milk/TBST, Santa Cruz) for 1 hr at RT. Finally, target pro-

teins were visualized using a Lumi-Light Western blotting

substrate (Roche) according to the manufacturer’s protocol.

Statistics
Statistical analysis was performed by GraphPad Prism. The

differences between groups were evaluated using the one-
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way ANOVA; Tukey’s post-hoc test. Data are expressed as

the mean ± SD (*p<0.05, **p<0.01, ***p<0.001).

Results
VPA and SAHA inhibit proliferation and

the migratory activity of T47D, MCF7,

MDA-MB-231 and MDA-MB-468 BC cells

in a dose- and time-dependent manner
VPA and SAHA reduced the proliferation of all analyzed

BC cells in a dose-dependent manner after 48 hrs of

incubation with VPA (0.25–10 mM) or SAHA (0.25–5

µM). The most statistically significant antiproliferative

effect of VPA and SAHA on B cells was observed in

T47D cell line, whereas MDA-MB-468 cells were the

most resistant for VPA and SAHA treatment among all

analyzed BC cell lines (Figure 1).

VPA and SAHA reduced the migration of all BC cells

in a dose-dependent manner in a wound-healing assay

(Figure 2). A significant inhibitory effect of VPA and

SAHA on the cell migration of all BC cells was observed

already after using lower doses of tested drugs. To assess,

if inhibition of BC cells is also time dependent, we

employed the xCELLigence RTCA DP, a highly quantita-

tive real-time monitoring system. VPA (2 mM; 5 mM) and

SAHA (2 µM; 5 µM) decreased in a time- and dose-

dependent manner MCF7, MDA-MB-231 and MDA-

MB-468 cell migration as compared with the control

cells (Figure 3). We observed a continuous and permanent

increase of migration of untreated MCF7, MDA-MB-231

Figure 1 Effect of VPA (A) and SAHA (B) on proliferation of T47D, MCF7, MDA-MB-231 and MDA-MB-468 breast cancer cells in Brdassay.

Notes: T47D, MCF7, MDA-MB-231 and MDA-MB-468 cells were incubated for 48 hrs alone (control) or in the presence of VPA (0.25-10 mM) or SAHA (0.25-5 µM). The

differences between groups were evaluated using the one-way ANOVA; Tukey’s post-hoc test. p<0.05 was considered to indicate a statistically significant difference. Results

were presented as mean ± SD of the mean.

Abbreviations: SAHA, vorinostat; VPA, valproic acid.
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Figure 2 Effect of VPA and SAHA on migration of T47D, MCF7, MDA-MB-231 and MDA-MB-468 breast cancer cells in wound-healing assay.

Notes: Scratched monolayers of T47D, MCF7, MDA-MB-231 and MDA-MB-468 cells were incubated for 24 hrs alone (control) or in the presence of VPA (2 mM, 5 mM) or

SAHA (2 µM, 5 µM). Representative images from 3 independent experiments are shown. Magnification 40×.

Abbreviations: SAHA, vorinostat; VPA, valproic acid.
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Figure 3 Effect of VPA and SAHA on migration of breast cancer cells in xCELLigence RTCA DP system.

Notes: T47D (A), MCF7 (B), MDA-MB-231 (C) and MDA-MB-468 (D) breast cancer cells were treated with VPA (2 mM, 5 mM) or SAHA (2 µM, 5 µM), or left untreated

(control) and seeded in triplicate on a CIM-plates. Migration was monitored in real time for 48 hrs in the xCELLigence system.

Abbreviations: SAHA, vorinostat; VPA, valproic acid.
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and MDA-MB-468 cells over the time, which was inhib-

ited in a dose-dependent manner in a similar fashion after

HDI treatment. We did not observe significant mobility of

T47D cells in xCELLigence System.

VPA and SAHA increase E-cadherin and

N-cadherin gene expression in BC cells
Since HDIs inhibited migration of BC cells observed in our

studies, and migration capability has been associated with

EMT, more mesenchymal cells migrate more, and we were

expecting that HDI treatment will ameliorate epithelial phe-

notype of cancer cells, including reduction of N-cadherin

expression with concomitant increase of E-cadherin expres-

sion, as observed previously in other cancer cell types.20–23

Epithelial-like BC cells responded to HDIs

by increasing E-cadherin (CDH1)

expression
After 24 hrs of incubation of T47D cells with 2 mM VPA,

qPCR revealed an increase of CDH1 mRNA expression by

more than twofold. The dose of 5 mM increased further the

expression of CDH1. CDH1 mRNA levels in T47D cells

after treatment with 2 µM and 5 µM SAHA increased by

35% and 90%, respectively, compared to the untreated cells.

In MCF7 BC cells, the doses of 2 mM VPA and 2 µM

SAHA slightly increased the expression of CDH1, com-

pared to the control. Marked induction (75%) of these

genes was detected after incubation with 5 mM VPA and

5 µM SAHA. In MDA-MB-231 and MDA-MB-468 cells,

expression of CDH1 was very low, although VPA and

SAHA treatment also caused an increase in expression of

CDH1 (Figure 4). There were no significant differences in

CDH2 expression between T47D, MCF7 and MDA-MB-

231 cells. All these BC cell lines have an epithelial-like

phenotype and thus normally express neglectable levels of

CDH2, which does not change significantly after VPA and

SAHA treatment.

Mesenchymal-like BC cells responded to

HDIs by increasing N-cadherin (CDH2)

expression
In contrast, we found a dose-dependent upregulation of

CDH2 mRNA level in MDA-MB-468 cells after HDI

treatment. CDH2 mRNA increased by 30% and 120%

after 2 mM and 5 mM VPA treatment, respectively, com-

pared to the untreated cells. In MDA-MB-468 cells

exposed to 2 µM and 5 µM SAHA, CDH2 mRNA

increased 3.5- and 4-fold compared with control (untreated

cells) (Figure 4). However, in this case, no statistical

significance has been achieved.

Hybrid-like BC cells responded to HDIs

by increasing both E-cadherin (CDH1)

and N-cadherin (CDH2) expression
After 24 hrs of incubation with 2 mM VPA, BT-549

cells revealed a more than 2-fold increase of CDH1

mRNA expression. The dose of 5 mM increased further

7-fold the expression of CDH1 vs control. In contrast,

we observed about a 2-fold decrease in CDH1 expres-

sion level after SAHA treatment in these cells.

Moreover, in BT-549 cells exposed to 2 mM and 5

mM VPA, CDH2 mRNA level increased about 2-fold.

A slight increase in CDH2 expression level was

observed after 5 µM SAHA treatment compared with

control (untreated cells) (Figure 4).

VPA and SAHA increase of E-cadherin

and N-cadherin protein expression in BC

cells
Expression of both E- and N-cadherin was analyzed by

Western blot and immunochemistry in T47D, MCF7,

MDA-MB-231 and MDA-MB-468 cell lines treated

with HDIs. The Western blotting and immunocytochem-

istry experiments using antibodies against E-cadherin and

N-cadherin showed that VPA and SAHA treatment

resulted in similar dose-dependent changes in expression

of these proteins (Figure 5–7) as at the mRNA level.

Immunocytochemistry experiments revealed that the

incubation of T47D cells with VPA and SAHA upregu-

lated the levels of E-cadherin expression after 48 hrs, in

comparison to the control (Figure 6). In MDA-MB-468

cells, we did not observe E-cadherin expression in the

control and any changes in expression of this protein after

HDI treatment (Figure 7). As shown in Figure 6, treat-

ment of T47D cells with VPA and SAHA for 48 hrs and

visualized under a confocal microscope did not affect N-

cadherin expression. The remarkable increase of N-cad-

herin expression was found in MDA-MB-468 cells after

both HDI treatments (Figure 7). Similar results were

obtained in Western blotting experiments, but in most

cases, no statistical significance was demonstrated. The

most remarkable activation of N-cadherin was found at 2

µM and 5 µM SAHA in MDA-MB-468 cells. In contrast,
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the exposure to HDIs did not have an influence on the

expression of N-cadherin in MDA-MB-231 cells. No N-

cadherin protein expression changes were observed in

control cells (untreated) (Figure 5).

Discussion
HDIs are promising anticancer drugs due to their ability to

inhibit proliferation and induce apoptosis and cell cycle arrest

in numerous cancer cells, including breast carcinoma.24

Although in clinical trials, HDIs did not display spectacular

effects as single agents in BC treatment, it has been shown

that HDIs increase the sensitivity of BC to radiotherapy and

chemotherapy.25,26 As presented in our previous studies, two

HDIs –- VPA and suberanilohydroxamic acid (SAHA) –

show synergistic or additive interactions with other che-

motherapeutic agents such as cisplatin in vitro inhibiting

proliferation of different cancer cell types, including BC

cells.24,27,28 In several other reports, the FDA-approved

HDAC inhibitors VPA and SAHA have been shown to

reduce proliferation, survival, cell migration, and modulate

Figure 4 mRNA expression of CDH1 (E-cadherin) and CDH2 (N-cadherin) in breast cancer cell lines after VPA or SAHA treatment.

Notes: Expression of CDH1 (A) and CDH2 (B) was analyzed by qPCR in T47D, MCF7, MDA-MB-231, MDA-MB-468 and BT-549 cells exposed to either culture medium

alone (control) and VPA (2 mM, 5 mM) or SAHA (2 µM, 5µM) for 24 hrs. The differences between groups were evaluated using the one-way ANOVA; Tukey’s post-hoc test.

p<0.05 was considered to indicate a statistically significant difference. Results were presented as mean ± SD.

Abbreviations: SAHA, vorinostat; VPA, valproic acid.
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hormone receptor expression of BC cells in both the precli-

nical and clinical settings.29 Yet, there are contradictory

studies showing that SAHA or VPA might, in some cases,

promote the migration of TNBC cells.30,31 In our present

studies using two different experimental approaches, we

demonstrated that VPA and SAHA reduce migration of

both – ER-expressing BC and TNBC cells in a time- and

dose-dependent manner. However, cancer cell migration has

been associated with EMT and cancer invasion, which has

been considered a potential mechanism of action by the

HDIs, although this effect is cancer-type dependent.11 The

switch from E-cadherin, associated with epithelial pheno-

type, to the mesenchymal cell associated with N-cadherin

has often been observed during cancer progression.6

Acquired N-cadherin expression in BC cells is considered a

driver for invasive and metastatic tumor cell behaviors, as

pro-N-cadherin expression is directly associated with BC

grade.32,33 Previous reports have shown that BC cells treated

with different HDIs resulted in either increase of E-cadherin

expression, or increase of E-cadherin with down-regulated

N-cadherin expression (considered as MET), or upregulated

N-cadherin only.22,31,34 In our study, we show that BC cells

that express high amounts of E-cadherin with very low level

of N-cadherin, such as MCF7 and T47D ER-positive BC

cells, respond to HDIs by further increasing the E-cadherin

levels. In contrast, MDA-468 TNBC cells revealed the oppo-

site phenotype –with a very low level of E-cadherin and high

level of N-cadherin expressions. VPA or SAHA treatment

resulted in a dose-dependent increase of expression of N-

cadherin. Surprisingly, in MDA-MB-468 cells, the increase

in N-cadherin expression, and thus a more mesenchymal

phenotype, and inhibition of migration appear to be indepen-

dent processes. Interestingly, in the BT-549 cells with hybrid-

like phenotype (baseline relatively high expression of both

cadherins), an increase in both CDH1 and CDH2 expression

after VPA treatment was observed.

We suggest that increase of N-cadherin or E-cadherin

expression in cells already expressing these genes is the

result of immediate changes in chromatin structure upon

HDAC inhibition, mostly affecting open-chromatin, while

repressed genes in closed-chromatin changed little as multi-

ple factors are involved in their regulation. Additionally,

Figure 5 Effect of VPA and SAHA on the E-cadherin (A,B) and N-cadherin (A,C) protein expression.

Notes: T47D, MCF7, MDA-MB-231 and MDA-MB-468 breast cancer cells were exposed to increasing concentrations of VPA (2 mM, 5 mM) or SAHA (2 µM, 5 µM) for 48

hrs. The expression of the E-cadherin and N-cadherin was analyzed by immunoblotting with the respective antibodies as described in “Materials and methods“ section.

Image J was used to assess the intensity of the bands (densitometric measurement). Anti-β-actin antibody was used as a control. The differences between groups were

evaluated using the one-way ANOVA; Tukey’s post-hoc test. p<0.05 was considered to indicate a statistically significant difference. Results were presented as mean ± SD.

Abbreviations: VPA, valproic acid; SAHA, vorinostat.
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cancer cells might be adapting to the HDI treatment by

increasing the expression of these structural proteins in

order to increase their chances of survival. This phenom-

enon is of clinical interest as knowing the phenotype of

tumor cells might be essential for successful therapy. The

role of EMT in tumor progression and metastasis is still a

matter of debate due to conflicting results. TNBC cells that

survived short-term treatment with docetaxel exhibit a more

invasive behavior than pre-treated cells, these selected cell

population had an increase in cell surface expression of N-

cadherin precursor.35 Likewise, human cancer samples

obtained from patients postchemotherapy support such

observation as N-cadherin signaling potentiates mammary

tumor metastasis via enhanced extracellular signal-regulated

kinase (ERK) and Akt kinase activation.35–37 Yet, suppres-

sion of E-cadherin in BC (MDA-MB-468) xenografts sig-

nificantly reduced tumor growth, suggesting an important

role of E-cadherin in cancer cell proliferation. This might

not be surprising in neoplasias of epithelial origin since E-

cadherin has been found to be homogeneously expressed in

BC samples by immunohistochemical analyses.38 While

one could think that E-cadherin is important for primary

tumors to grow and proliferate, there is evidence that E-

cadherin is also involved in distant metastasis formation,

suggesting an unknown metastatic role of E-cadherin.39

This is of important clinical relevance as an increase of

Figure 6 Confocal imaging of E-cadherin and N-cadherin expression in T47D cells cultured alone (control) or in the presence of VPA (2 mM, 5 mM) and SAHA (2 µM, 5 µM).

Notes: Fixed cells were blocked and incubated with an anti-E-cadherin and anti-N-cadherin antibodies, followed by the respective secondary antibodies conjugated with

Alexa fluorochromes as described in Material and methods. Nuclei were stained with DAPI. 100x oil immersion objective was used. Representative images are shown.

Abbreviations: SAHA, vorinostat; VPA, valproic acid.
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mesenchymal markers (N-cadherin and vimentin) has been

used to define migratory phenotypes, if taken solely as the

markers for migration potential of tumor samples. Our data

question the direct link between higher N-cadherin expres-

sion and migration under the current HDI treatments.

By using multiple BC cell lines, we are able to notice

the differential patterning caused by HDIs in these cells.

By comparing cell proliferation, migration and EMT mar-

kers, we suggest to reevaluate the role of HDIs in EMT/

MET and cell migration. Previous reports on inhibition of

tumor cell migration and EMT-related expression showed

that VPA inhibits migration of MDA-MB-231 cells and

upregulates Nm23H1 gene expression in a concentration-

dependent manner, whereas cholangiocarcinoma cell lines

augmented both E-cadherin and vimentin expression after

VPA treatment, yet reduced their migration and invasion

capabilities.30,40 Many questions remain: are both cadher-

ins playing roles in tumor progression and metastasis? Are

the intermediate stages of EMT, such as hybrid E/M stage,

more aggressive? There is some evidence supporting the

Figure 7 Confocal imaging of E-cadherin and N-cadherin expression in MDA-MB-468 cells cultured alone (control) or in the presence of VPA (2 mM, 5 mM) and SAHA (2

µM, 5 µM).

Notes: Fixed cells were blocked and incubated with an anti-E-cadherin and anti-N-cadherin antibodies, followed by the respective secondary antibodies conjugated with Alexa

fluorochromes as described in “Material and methods“ section. Nuclei were stained with DAPI. 100 x oil immersion objective was used. Representative images are shown.

Abbreviations: SAHA, vorinostat; VPA, valproic acid.
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latter.41 Then, how are HDIs acting on cell proliferation

and migration despite the cell type-dependent change?

These issues require further investigation.

Conclusion
Taken together, our data suggest that HDIs, VPA and SAHA,

block cell migration and proliferation, an event usually asso-

ciated with increased epithelial characteristics. Yet, instead

mesenchymal and hybrid-like cells, such as MDA-MB-468

or BT-549, responded by increasing N-cadherin.

Summarizing, HDIs affect the expression of both epithelial

and mesenchymal markers depending on the already existing

cellular context, but inhibit migratory properties of BC cells

regardless of their phenotype. This is a surprising finding that

questions the overuse of EMTmarkers alone asmeasurement

of invasion and migration potential. The clinical results of

treatments using HDIs should also be evaluated on the phe-

notypical characteristics of the tumors in order to understand

better their potential.
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