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Introduction 

Tightly regulated intracellular Ca2+ homeostasis plays essential role in multiple cellular 

physiological processes such as proliferation, differentiation, migration or cell death. All of 

these processes take part in tumorigenesis, therefore, remodeling of Ca2+ homeostasis also 

contributes to cancer progression in several ways. Members of the Ca2+ signaling toolkit 

frequently show altered expression in several tumor types according to the literature. 

Investigations mainly focus on Ca2+ channels, which regulate the increase of the intracellular 

Ca2+ concentration. However, our knowledge is limited on how the Ca2+ extrusion systems –  

the plasma membrane (PMCA) and the sarco/endoplasmic reticulum (SERCA) Ca2+ ATPases –  

are involved in tumor progression. 

PMCA proteins (encoded by ATP2B genes) are the main regulators of the intracellular Ca2+ 

homeostasis in non-excitable cells. These low capacity, high affinity Ca2+ pumps remove Ca2+ 

from the cytosol to the extracellular space by active transport to maintain low intracellular 

Ca2+ concentration. In mammals, the existing four PMCA isoforms (PMCA1-PMCA4) are 

encoded by separate genes (ATP2B1-ATP2B4) located on separate chromosomes. Alternative 

RNA splicing results in more than twenty PMCA variants, each shows cell- and tissue-specific 

expression pattern and various intracellular localization and activity. 

Breast cancer is the second most common cancer type worldwide, and is the major cause 

of cancer death among women. Breast cancer cases have diverse genetic background, and 

they can be divided into molecular subtypes based on immunohistochemical markers. These 

subgroups differ in their clinical outcomes, therapy response and metastatic potential. The 

estrogen receptor alpha (ER-α) positive luminal A and B subtypes respond well to endocrine 

therapy, however, the recurrence and acquired resistance is frequent. The human epidermal 

growth factor receptor 2 (HER2) overexpressing cancers can be treated well with targeted 

therapies against HER2, but curing the metastatic cases are still unsolved. The most aggressive 

triple negative, basal subtypes still lack targeted therapies, therefore, the only option for the 

systemic treatment of these tumors is chemotherapy. Finding new drugable targets and 

biomarkers in breast cancer could significantly improve the therapeutic opportunities of this 

complex disease group. 
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Besides genetic changes, epigenetic modifications also have significant role in tumor 

progression. Histone acetylation affects chromatin structural organization, and thus, regulates 

gene transcription. Altered expression pattern of histone deacetylases (HDAC) in cancer 

contributes to tumor progression through abnormal silencing of several genes. The dynamic 

and reversible characteristics of epigenetic processes enable us to consider them as 

therapeutic targets. HDAC inhibitors inhibit cell proliferation, induce differentiation and 

apoptosis. Because of their anticancer effects they are used in clinical practice (e.g. 

suberoylanilide hydroxamic acid; SAHA) or are under clinical investigation (e.g. the short chain 

fatty acid valproate). Although the results are promising, especially in combined therapies, the 

mechanisms of action of HDAC inhibitors are not completely understood. 

Aims 

The main goal of this dissertation was to investigate the role of Ca2+ pumps, especially 

plasma membrane Ca2+ ATPases (PMCA) in breast cancer. We set out the following objectives: 

 We compare the expression of PMCA isoforms in normal and tumorous breast tissue 

according to publicly available breast cancer gene expression datasets. 

 We determine the expression level of PMCA and SERCA Ca2+ pumps in a breast cancer 

cell line panel representing different cancer subtypes. 

 We examine in detail the expression, localization and function of Ca2+ pumps in the 

MCF-7 breast cancer cell line during HDAC inhibitor and PMA treatments. 

 We expand the investigations with HDAC inhibitors to breast cancer cell lines 

representing different subtypes. 

 We investigate the role of the ER-α pathway in the regulation of expression and 

function of Ca2+ pumps in several breast cancer cells. 

 We examine the relationship between PMCA and phosphatidylinositol 4,5-

bisphosphate (PIP2) – an important signaling molecule – in HeLa cells. 

Methods 

Analysis of breast cancer gene expression data: We compared the expression of ATP2B1, 

ATP2B2 and ATP2B4 genes in breast cancer and normal breast tissues. We analyzed data from 

three individual datasets using the Oncomine database (https://www.oncomine.org). 
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Immunohistochemistry: Normal breast tissue sections were stained with anti-PMCA4 

antibody using an indirect avidin-biotin-peroxydase complex method. 

Cell lines: The non-tumorigenic breast epithelial MCF-10A cell line, the luminal A subtype 

MCF-7, T-47D, ZR-75-1, the luminal B subtype BT-474, the HER2 overexpressing AU-565, SK-

BR-3, the basal subtype MDA-MB-468, BT-549, MDA-MB-231, Hs578T breast cancer cell lines 

and the cervical adenocarcinoma HeLa cell line were used. For Ca2+ signal measurements, 

GCaMP2-MCF-7 and GCaMP2-MDA-MB-231 cell lines stably expressing the GCaMP2 Ca2+ 

sensor were generated using the Sleeping Beauty transposon system. The sh-HeLa cell line, in 

which PMCA4 was knocked down, was generated using the PMCA4 shRNA plasmid. 

Reagents: For HDAC inhibitor treatments, we used butyrate, phenylbutyrate, valerate, 

valproate (short chain fatty acids) and suberoylanilide hydroxamic acid (SAHA). We treated 

the cells with the PKC activator phorbol 12-myristate 13-acetate (PMA), the PKC inhibitor GF 

109203X hydrochloride, 17β-estradiol (E2) and the ER-α antagonist fulvestrant (ICI 182,780). 

Plasmid constructs and transient transfection: We used the following plasmid constructs 

for the experiments: mCherry-PMCA4x/b, pEGFP-PMCA2wb, pEGFP-PMCA4b-L1167–1169A, 

SB100x transposase and SB-CAG-GCaMP2-CAG-Puro, PHPLCδ1-RFP PIP2 (and IP3) sensor and 

pN1-GCaMP2 Ca2+ sensor. We generated the mCherry-PMCA2wb construct by replacing the 

EGFP fragment of the pEGFP-PMCA2wb plasmid with mCherry. The mCherry-PMCA4b-L1167–

1169A localization mutant, the pEGFP-PMCA4b-D672E-L1167–1169A and the mCherry-PMCA4b-

D672E-L1167–1169A inactive mutants were generated by site-directed mutagenesis. Transient 

transfections were carried out using FuGENE HD transfection reagent. 

Cell proliferation: Viability of the cells was assessed by the trypan blue exclusion method. 

Oil Red O staining: After paraformaldehyde fixation of the cells, intracellular lipid droplets 

were stained with Oil Red O, which correlates with the level of cellular differentiation. Images 

were taken by phase contrast and fluorescent microscope. 

Western blot analysis: Total cell lysates were obtained by precipitation of the cells with 

trichloroacetic acid. Protein concentration of the samples was determined by modified Lowry 

method. We examined the expression of the proteins by Western blot analysis using specific 

antibodies. 
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Immunoprecipitiation: PMCA proteins from isolated protein samples were enriched by 

immunoprecipitation with an anti-pan PMCA antibody, and expression of PMCA isoforms was 

detected by Western blot analysis using isoform-specific antibodies. 

Real-time PCR: Total RNA was isolated from the cells, and reverse transcribed. 

Amplification of cDNA was performed with ATP2B1, ATP2B2 and ATP2B4 specific TaqMan 

Gene Expression probes. 

Immuncytochemistry: Cells were fixed with paraformaldehyde, permeabilized with 

methanol, and immunostained with specific antibodies. Images were taken with confocal laser 

scanning microscope. 

Ca2+ signal measurements in breast cancer cells: Prior to measurement of the store-

operated Ca2+ entry culture medium was replaced by Ca2+ free medium. Intracellular stores 

were depleted with thapsigarginnal and ATP, subsequently external Ca2+ was restored to 2 

mM and Ca2+ signal after store-operated Ca2+ entry was followed. Ca2+ signals evoked by 

A23187 Ca2+ ionophore was measured in a medium containing 2 mM Ca2+. Fluorescent signal 

of the GCaMP2 Ca2+ sensor was followed by confocal laser scanning microscopy. 

Analysis of PIP2 sensor translocation and Ca2+ signal measurements in HeLa cells: In Ca2+ 

ionophore-evoked Ca2+ signal measurements cell were stimulated with ionomycin in a 

medium containing 2 mM Ca2+. Prior to study the activation of the PLC pathway by G-protein-

receptor-coupled agonists culture medium was replaced by Ca2+ free medium. Cell were 

stimulated with ATP and histamine, subsequently external Ca2+ was restored to 2 mM and 

intracellular signals after store-operated Ca2+ entry was followed. Fluorescent signals of the 

PHPLCδ1-RFP PIP2 sensor and GCaMP2 Ca2+ sensor were followed by confocal laser scanning 

microscopy. 

Analysis of ER-α ChIP-Seq data: Publicly available ER-α ChIP-Seq data of MCF-7, T-47D and ZR-

75-1 cells from the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) were 

analyzed using the Cistrome Data Browser (http://cistrome.org/) and visualized using the 

UCSC Genome Browser (https://genome.ucsc.edu/). 
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Results 

1. ATP2B4 gene expression is downregulated in invasive breast carcinoma 

compared to normal breast tissue  

 Analysis of publicly available tumor microarray data revealed that expression of the 

PMCA4 coding ATP2B4 gene is significantly lower in breast carcinoma samples compared to 

normal breast tissue. ATP2B1 (PMCA1) and ATP2B2 (PMCA2) expressions did not show 

significant alteration between normal and breast tumor tissue samples. 

 Immunohistochemical staining of a normal breast tissue section proved the existence 

of PMCA4 in the plasma membrane of breast ductal epithelial cells. 

2. Different breast cancer subtypes have different Ca2+ pump expressions 

 In vitro experiments showed diverse PMCA and SERCA protein expression in a variety 

of breast cancer cell lines. PMCA1 and PMCA4b were the main PMCA isoforms in all examined 

cell lines. Low PMCA4b expression was found in the luminal and HER2 overexpressing cells, 

while the basal type cells showed higher PMCA4b expression level. PMCA1 was also expressed 

at high level in basal cells. PMCA2 was very low in all cell lines, and PMCA3 could not be 

detected in any of the examined cells. 

 SERCA2 protein was present in all cell types. SERCA3 was expressed in all luminal and 

HER2 overexpressing cells at high abundance, while it was totally absent in the triple negative 

cells.  

3. HDAC inhibitors and phorbol ester PMA enhance PMCA4b expression and Ca2+ 

extusion capacity of MCF-7 breast cancer cells 

 HDAC inhibitors (butyrate, phenylbutyrate, valerate) and the protein kinase C (PKC) 

activator phorbol 12-myristate 13-acetate (PMA) significantly upregulated PMCA4b 

expression in the MCF-7 cell line, a widely used model of ER-α positive breast tumors in cancer 

research. The treatments blocked proliferation and induced differentiation of the cells. 

 Combination of valerate and PMA treatments further increased the level of cellular 

differentiation, and PMCA4b mRNA and protein expression. The PKC inhibitor GF 109203X 
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completely prevented the PMA-induced upregulation of PMCA4b while it did not affect 

significantly that of the changes induced by valerate.  

 Immunocytochemical analysis proved proper plasma membrane localization of the 

valerate and/or PMA upregulated PMCA4b protein in MCF-7 cells.  

 The intracellular Ca2+ concentration returned significantly faster to baseline level after 

store-operated or Ca2+ ionophore A23187-induced Ca2+ entry in the valerate and/or PMA-

treated GCaMP2-MCF-7 cells as compared to the control, suggesting that the upregulated 

pump was active. 

4. HDAC inhibitors regulate PMCA4b expression and Ca2+ extusion capacity of 

cells in a cell type specific manner 

 The HDAC inhibitors SAHA and valproate differentially regulated PMCA4b expression 

in breast cancer cell lines representing different subtypes. In the luminal type of cells the 

treatments markedly upregulated PMCA4b expression while in the basal cells – having high 

basal PMCA4b abundance – the level of the protein did not change considerably. In parallel 

with PMCA4b upregulation, acetylation of histone H3 was also increased in the luminal 

subtype cells, but we did not find close correlation between histone acetylation levels and 

PMCA4b expression in the HER2 overexpressing and basal cell lines. 

 According to immunocytochemical experiments, PMCA4b was found in the plasma 

membrane of the luminal and HER2 overexpressing cell lines, which show typical epithelial 

morphology. In contrast, in the basal cells, which show elongated cell shape and loosely 

connected cell morphology, a large amount of the protein located in intracellular 

compartments. 

 Ca2+ signal measurements evoked by A23187 Ca2+ ionophore revealed that the Ca2+ 

peak was smaller and returned much faster to the baseline in valerate-treated GCaMP2-MCF-

7 cells than in the untreated control cells. However, in case of GCaMP2-MDA-MB-231 cells – 

where remarkable amount of the protein located intracellularly – the alteration in the Ca2+ 

signals between control and valerate-treated cells was much less pronounced. 
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5. Activation of the ER-α pathway enhances PMCA4b expression and Ca2+ 

clearance specifically in MCF-7 cells 

 17β-estradiol (E2) treatment induced marked upregulation of PMCA4b protein 

expression in MCF-7 cells that was completely inhibited by the pure ER-α antagonist 

fulvestrant. 

 The A23187 Ca2+ ionophore-evoked Ca2+ signal was significantly smaller in E2-treated 

GCaMP2-MCF-7 cells than in untreated control cells, and the intracellular Ca2+ concentration 

returned significantly faster to the baseline level. 

 Combination of E2 and HDAC inhibitor treatments further enhanced the PMCA4b 

expression. 

 E2 treatment did not influence PMCA4b protein expression in other ER-α positive or 

ER-α negative cells either in the absence or presence of HDAC inhibitors. 

 Analysis of publicly available ER-α ChIP-Seq data revealed an ER-α binding site in the 

1st intron of the ATP2B4 gene in MCF-7 cells that was not detected in the other ER-α positive 

cell lines. 

6. Encanced PMCA expression decreases the accessible phosphatidylinositol 4,5-

bisphosphate level in HeLa cells 

 In low PMCA4b expressing sh-HeLa cells the Ca2+ ionophore ionomycin induced 

activation of phospholipase C that resulted in PIP2 hydrolysis and subsequent translocation of 

the PIP2 sensor from the plasma membrane to the cytosol. In contrast, the ionomycin 

treatment did not change the plasma membrane localization of the PIP2 sensor in PMCA 

expressing (PMCA2wb or PMCA4b-LA) cells suggesting that PMCAs protect PIP2 from 

hydrolysis. This protection was at least partially independent of PMCA function. 

 Ionomycin evoked a sustained Ca2+ signal in cells with low PMCA expression, while 

PMCA2wb and PMCA4b-LA expressing cells showed smaller Ca2+ transient that returned 

quickly to the baseline. The Ca2+ peak was high in the cells expressing the inactive dPMCA4b-

LA, as expected. 

 In Ca2+-free medium the receptor agonist ATP treatment resulted in high and sustained 

cytosolic PIP2 sensor signal in low PMCA expressing cells. In parallel with this fast Ca2+ release 

from the intracellular stores was detected, and the intracellular Ca2+ concentration returned 
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slowly to its baseline. However, translocation of the PIP2 sensor to the cytosol was much less 

pronounced in the PMCA2wb or PMCA4b-LA expressing cells, and hence shorter Ca2+ 

transients were observed. In this case, the decay phase of the Ca2+ signal was independent 

from the activity of the slow PMCA4b pump and was affected slightly only by the high activity, 

fast PMCA2wb isoform. In contrast, PIP2-independent Ca2+ entry though the Ca2+ channels was 

regulated by PMCA isoforms according to their activities. 

Conclusions 

The expression of the PMCA4 coding ATP2B4 gene is significantly lower in breast 

carcinoma tissues compared to normal breast tissue. Immunohistochemical analysis of normal 

breast tissue samples confirmed the pronounced PMCA4 protein expression in the plasma 

membrane of breast ductal epithelial cells. 

Examination of PMCA isoforms in a variety of breast cancer cell lines revealed low 

PMCA4b expression in ER-α positive luminal cells. HDAC inhibitor treatments markedly 

enhance PMCA4b expression in these cells. In MCF-7 cells PMCA4b expression is also 

upregulated by the PKC activator PMA or by activation of the ER-α pathway, and it is further 

enhanced by HDAC inhibitors. The increased PMCA4b expression leads to enhanced Ca2+ 

clearance from the cells. 

 ER-α activation upregulated PMCA4b only in MCF-7 cells while it did not affect PMCA4b 

expression in other ER-α positive cells. This is supported by ChIP-Seq data that identified an 

ER-α binding site in the ATP2B4 gene only in MCF-7 cells but not in the other ER-α positive cell 

lines examined. 

The triple negative, basal subtype cell lines show relatively high basal PMCA4b expression 

that is just slightly affected by HDAC inhibitor treatments. Although the expression of the 

protein is high, a fraction of the protein is trapped in intracellular compartments that could 

negatively regulate the function of the protein. 

In HeLa cells we showed that altered PMCA expression can regulate PIP2 level in the 

plasma membrane. We proved that the upregulation of PMCA can protect PIP2 from hydrolysis 

by phospholipase C and modulate Ca2+ release from the Ca2+ stores independent of its activity. 
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Our results suggest that PMCAs may regulate Ca2+ signaling and probably other PIP2-mediated 

signaling pathways through a previously unrecognized mechanism involving PIP2 binding.  

In summary, our results demonstrate that expression of PMCA proteins is regulated in a 

cell type specific manner in breast cancer, and it can be affected significantly by epigenetic or 

hormonal modulations. Marked alterations in PMCA expression during tumor progression or 

in response to therapeutic drugs significantly influence the intracellular Ca2+ homeostasis and 

downstream Ca2+-dependent signaling pathways. 
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