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ABSTRAKT 
 
Univerzita Karlova v Praze 

Farmaceutická fakulta v Hradci Králové 

Katedra farmakologie a toxikologie 

Student: Michal Urban 

Školitel: Doc. PharmDr. Petr Pávek, PhD 

Název diplomové práce: Vliv exprese SERCA3 na buněčnou diferenciaci                      

u prekurzorových B-buněk akutní lymfoblastické leukémie 

 

V této práci bylo naším cílem prozkoumat propojení mezi kalciovou 

homeostázou a procesem buněčné diferenciace v prekurzorových B-buňkách akutní 

lymfoblastické leukémie. Po užití forbol-myristát-acetátu (PMA), známého induktoru 

buněčné diferenciace, jsme studovali míru exprese kalciových ATPáz                          

v sarkoendoplasmatickém retikulu (tzv. SERCA proteiny), což jsou kalciové pumpy 

transportující kalcium z cytosolu do endoplasmatického retikula.  

Pro naše experimenty jsme použili dvě nádorové buněčné linie RCH-ACV                  

a Kasumi-2. Po navození buněčné diferenciace jsme stanovovali míru exprese proteinů 

SERCA díky Western blotu za použití anti-SERCA monoklonálních protilátek PLIM430 

a IID8, které rozpoznávají SERCA2 a SERCA3, což jsou dvě isoformy proteinů 

SERCA. 

Naše výsledky ukázaly, že indukce buněčné diferenciace vede ke zvýšení 

exprese pouze jedné isoformy SERCA3, zatímco exprese SERCA2 zůstává většinou 

nezměněna. To může naznačovat, že použitý induktor selektivně zvýšil expresi pouze 

jedné isoformy a tudíž se nabízí využití SERCA3 jako nového diferenciačního markeru 

v leukemických buňkách. 

Naše zjištění tak podporují hypotézu, že kalciová homeostáza je pozměněna              

v průběhu buněčné diferenciace a karcinogeneze, a že proteiny SERCA mohou hrát 

důležitou roli v těchto procesech. 

 
 
 



ABSTRACT 
 
Charles University in Prague 

Faculty of Pharmacy in Hradec Králové 

Department of Pharmacology & Toxicology 

Student: Michal Urban  

Supervisor: Doc. PharmDr. Petr Pávek, PhD 

Title of diploma thesis: Cellular differentiation analysis using SERCA3 protein 

expression in precursor B-cell acute lymphoblastic leukaemia 
 

In this work our objective was to investigate an interconnection between calcium 

homeostasis and process of cellular differentiation in precursor B-cell acute 

lymphoblastic leukaemia cell lines. After using phorbol-myristate-acetate (PMA),                

a known cell differentiation inducer we studied the expression levels of Sarco-

Endoplasmic Reticulum Calcium ATPases (SERCA proteins), calcium pumps which 

transport calcium from cytosol to endoplasmic reticulum. 

We used two cancer cell lines RCH-ACV and KASUMI-2 for our experiments. 

After the induction of cellular differentiation we determined SERCA expression levels 

by Western blot using PLIM430 and IID8 as anti-SERCA monoclonal antibodies that 

recognize SERCA2 and SERCA3, two SERCA isoforms. 

Our results showed that induction of cellular differentiation led only to an 

increase of SERCA3 expression levels, whereas SERCA2 remained mostly 

unchanged. That can imply that treatment causes selective expression of only one 

isoform and thus may propose SERCA3 as a new marker of cellular differentiation in 

leukaemia cells.  

Our findings support the hypothesis that calcium homeostasis is altered during 

the cellular differentiation and carcinogenesis and that SERCA proteins may play 

important role in these processes.  



6 
 

CONTENT  

ABBREVIATIONS.........................................................................................................8 

1. INTRODUCTION ..................................................................................................11 

2. THEORETICAL PART .........................................................................................12 

2.1. Classification of haematological malignancies ...............................................12 

2.2. Precursor B-cell lymphoblastic leukaemia containing t(1;19) .........................13 

2.3. Calcium Homeostasis....................................................................................16 

2.3.1. ON mechanisms ....................................................................................17 

2.3.2. OFF mechanisms ...................................................................................18 

2.4. Calcium pumps .............................................................................................18 

2.4.1. PMCA ....................................................................................................18 

2.4.2. SPCA .....................................................................................................19 

2.4.3. SERCA ..................................................................................................20 

2.5. Calcium and cancer ......................................................................................22 

2.6. Previous experiments of the group concerned SERCA and its relation to 

tumorigenesis ..........................................................................................................24 

2.6.1. SERCA in colon and gastric cancer cells ...............................................24 

2.6.2. Cross-talk between RARα and calcium-dependent signalling .................26 

2.6.3. SERCA expression during breast tumorigenesis ....................................27 

3. AIM OF THE WORK ............................................................................................28 

4. EXPERIMENTAL PROCEDURES .......................................................................29 

4.1. Materials and methods ..................................................................................29 

4.1.1. Instruments ............................................................................................29 

4.1.2. Chemicals ..............................................................................................30 

4.2. Working procedures ......................................................................................31 

4.2.1. Cell culture procedures ..........................................................................31 

4.2.2. SDS-polyacrylamide electrophoresis and Western blotting ....................32 

4.2.3. Ponceau red staining .............................................................................33 

4.2.4. Immunodetection ...................................................................................33 

5. RESULTS ............................................................................................................35 

5.1. SERCA2 and SERCA3 expression in Kasumi-2 dose response ....................36 

5.2. SERCA2 and SERCA3 expression in RCH-ACV dose response ...................38 



7 
 

5.3. SERCA2 and SERCA3 expression in Kasumi-2 time course .........................40 

5.4. SERCA2 and SERCA3 expression in RCH-ACV time course........................42 

6. DISCUSSION AND CONCLUSIONS ...................................................................44 

7. REFERENCES.....................................................................................................46 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



8 
 

ABBREVIATIONS 
 

3D   Three dimension 

ALL   Acute lymphoblastic leukaemia 

AML   Acute myeloid leukaemia 

APL   Acute promyelocytic leukaemia 

ATP   Adenosine triphosphate 

ATP2A2  Sarco/Endoplasmic Reticulum Calcium ATPase isoform 2 

ATP2A3  Sarco/Endoplasmic Reticulum Calcium ATPase isoform 3 

ATRA   All-trans retinoic acid 

Bax/Bak  Proapoptotic proteins 

bHLH   Basic helix-loop-helix domain 

cALL   Common acute lymphoblastic leukaemia 

CAM   Calmodulin 

CD20   B-lymphocyte antigen  

CMPD   Chronic myeloproliferative diseases 

CPA   Cyclopiazonic acid 

dd  water  Distilled water 

DMEM   Dulbecco's Modified Eagle Medium 

DMSO   Dimethyl sulfoxide 

DSMZ    Deutsche Sammlung von Mikroorganismen und Zellkulturen  

E2A/PBX1  Fusion protein in acute lymphoblastic leukaemia  

ECL   Enhanced chemiluminescence 

ER   Endoplasmic reticulum 

FBS   Fetal bovine serum 

Fig.   Figure  

HD   Homeodomain 

HL   Hodgkin lymphoma 

HL-60   Human promyelocytic leukaemia cell line 

IgG   Immunoglobulin 

IID8   Primary anti-SERCA2 antibody 

InsP3R  Inositol 1,4,5-trisphosphate receptor 

KASUMI-2  B cell precursor leukaemia cell line  

KATO-III  Human gastric cancer cell line 

kDa   Kilodalton  

mA   Miliamper 



9 
 

MDS   Myelodysplastic syndromes 

MDS/MPD  Myelodysplastic/myeloproliferative diseases 

ml   Milliliter  

mM   Milimolar 

mRNA   Messenger ribonucleic acid  

NaCl   Sodium chloride 

NB4   Human promyelocytic leukaemia cell line 

nM   Nanomolar  

Ph   Philadelphia chromosome 

PLIM430  Primary anti-SERCA3 antibody 

PMA    Phorbol-myristate-acetate 

PMCA    Plasma membrane Ca2+ ATPase 

PML-RARα  Oncogenic protein 

PSA   Prostate-specific antigen 

RARα, β and γ Retinoic acid receptors α, β and γ 

REAL   Revised European-American Classification of Lymphoid                                                   

Neoplasms 

RCH-ACV  B-cell precursor leukaemia cell line  

RPMI   Roswell Park Memorial Institute medium 

RYR   Ryanodine receptor 

SDS   Sodium dodecyl sulfate 

SDS-PAGE  SDS-polyacrylamide gel electrophoresis 

SERCA  Sarco/Endoplasmic Reticulum Calcium ATPase 

SPCA   Ca2+ pump of the secretory pathway 

SR   Sarcoplasmic reticulum 

tBHQ   2,5-di(t-butyl)hydroquinone 

TBS   Tris-Buffered Saline 

TCA   Trichloracetic acid  

TEL-AML1  Fusion protein in leukaemia 

TEMED  NN,N’N‘-tetramethyl-ethylenediamine 

TG   Thapsigargin 

TnC   Troponin C 

TRIS   Tris-hydroxymehtyl-aminomethane 

TWEEN 20  Polysorbate 20 

UK   United Kingdom 

V   Volt 

WHO   World Health Organization  



10 
 

μl   Microliter 

μM   Micromolar  

 

 
 

 
 
 
 
 
 



11 
 

1. INTRODUCTION 
 

 

The new understanding of molecular biology and cellular biology due to 

intensive cancer research has led to new chemotherapeutic strategies against 

haematological malignancies. However, the effectiveness of this chemotherapy is often 

limited because of high toxicity to other tissues in the body. Nowadays scientists draw 

attention to a targeted therapy of new drugs with better activity/toxicity profiles based 

on recent acquisitions in molecular oncology. One of the possible ways how to face 

these devastating diseases is to induce cell differentiation. It is well known that cancer 

cells are characterised by the inability to follow a normal differentiation program and 

thus differentiation therapy represents one type of cancer cell-targeting therapy. 

It has been shown earlier that calcium plays an important role in various 

physiological processes including the control of cellular differentiation. The only known 

mechanism responsible for the accumulation of calcium in endoplasmic reticulum (ER) 

is sarcoendoplasmic reticulum calcium transport ATPase (SERCA) enzymes located in 

ER membrane. As our group observed in previous experiments in colon carcinoma or 

myeloid leukaemia, the ER calcium homeostasis is significantly remodelled during 

tumorigenesis. The observation that SERCA enzymes expression becomes also 

altered may indicate a crucial role of this enzyme during the cellular differentiation and 

the neoplastic process itself. Interestingly, although several SERCA isoforms have 

already been discovered only ATPase type 3 calcium pump enzyme (SERCA3) was 

selectively induced during differentiation. This indicates that this isoform of SERCA 

enzyme may constitute a new phenotypic marker that reflects the level of differentiation 

in tumour cells. 

In this work we used for our experiments phorbol-myristate-acetate (PMA),             

a known differentiation inducer and protein kinase C activator in order to observe the 

changes in expression levels of SERCA enzymes in in precursor B-cell acute 

lymphoblastic leukaemia cells in time course. If the expression of SERCA enzymes, in 

particular SERCA3, was modulated by the use of PMA as a differentiation inducer, it 

would indicate that SERCA3 constitute a new differentiation marker in leukaemia cells 

and it would  only support the hypothesis that SERCA-dependent calcium transport 

may serve as an interesting pharmacological target against haematological 

malignancies.  
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2. THEORETICAL PART 
 

 

2.1. Classification of haematological malignancies 
 

The approach of “Revised European-American Classification of Lymphoid 

Neoplasms” (REAL) uses all available information - morphology, immunophenotype, 

genetic features, and clinical features - to characterize a disease entity. Morphology is 

always important, and some diseases are primarily defined by morphology, with 

immunophenotype as backup in difficult cases. In some lymphomas a specific genetic 

abnormality is very important defining criterion, while others lack specific known genetic 

abnormalities. Still others necessitate knowledge of clinical features as well - nodal vs 

extranodal presentation, or specific anatomic site [1]. 

The WHO classification of haematological malignancies stratifies neoplasms 

primarily according to lineage: myeloid, lymphoid, histiocytic/dendritic cell and mast 

cell. For each neoplasm, a cell of origin must be postulated. For many of the lymphoid 

neoplasms, this “cell of origin” represents the stage of differentiation of the tumour cells 

that we see in the tissues, rather than the cell in which the initial transforming event 

occurs, since the latter is not known in a lot of cases. It may well be that many 

haematological malignancies originate in early precursor cells, and the specific genetic 

abnormality may determine what stage or stages the neoplastic cells differentiate to [1]. 

The classification recognizes three major categories of lymphoid neoplasms: B 

cell neoplasms, T and NK cell neoplasms and Hodgkin lymphoma (HL). Both 

lymphomas and lymphoid leukaemias are included in this classification, since 

distinction between them is artificial. Within the B and T/NK cell categories are 

recognized - precursor neoplasms, corresponding to the earliest stages of 

differentiation, and peripheral or mature neoplasms, corresponding to more 

differentiated stages. Within the category “non-Hodgkin” lymphomas, there are a big 

number of distinct diseases. These are associated with distinctive epidemiology, 

aetiology, clinical features and, often, distinctive responses to therapy. The Clinical 

Advisory Committee considered the issue of clinical groupings and decided that sorting 

diseases based on prognosis was neither practical nor necessary, and could be 

misleading. Therefore, the WHO classification avoids such groupings. As the most 

practical approach, the peripheral T/NK-cell and B-cell neoplasms are grouped 
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according to their most typical clinical presentations: predominantly disseminated, 

leukaemic, primary extranodal lymphomas, and predominantly nodal lymphomas [1]. 

A similar paradigm has been applied to the myeloid disorders - namely, that            

a combination of morphology, immunophenotype, genetic features and clinical features 

is used to characterize distinct disease entities. The WHO classification has four major 

groups of myeloid diseases. Chronic myeloproliferative diseases (CMPD), 

Myelodysplastic/myeloproliferative diseases (MDS/MPD), Myelodysplastic syndromes 

(MDS) and Acute myeloid leukaemias (AML). 

Because the technology of genetic analysis is moving rapidly, it is probable that 

advances in this field will necessitate revisions to any current classification in the near 

future [1]. 

 

2.2. Precursor B-cell lymphoblastic leukaemia containing 
t(1;19) 

 

Acute lymphoblastic leukaemia (ALL) is the major paediatric cancer in 

economically developed countries, where the precursor B type accounts for nearly 70% 

of all childhood ALL [2]. The treatment of childhood ALL has advanced significantly 

over the past 3 decades, with overall survival rates progressing from 20% to 75%. 

Nevertheless, patients identified at diagnosis as having better risk features still account 

for most relapses [3]. 

It is a heterogeneous disease with abnormal proliferation and accumulation of 

immature lymphoblasts within the bone marrow, peripheral blood and lymphoid tissues 

[4]. ALL cells differ from normal lymphoid precursors by quantitative aberrations in their 

tissue-, differentiation-, cytogenetic- associated antigenic expression profiles [5]. ALL is 

haematological malignancy resulting from chromosomal alterations and mutations that 

affect molecular pathways disrupting lymphoid progenitor cell differentiation. There is 

well-established evidence that leukemogenesis is initiated already at prenatal stage in 

children [6]. 

Chromosomal abnormalities in ALL determine the disease pathophysiology and 

patient prognosis. A significant difference between childhood and adult ALL is the 

frequency of various cytogenetic subcategories. A hyperdiploid karyotype, which is           

a favourable feature, is observed in 30% of children compared with 2% to 5% of adults. 

Another favourable category is translocation involving chromosomes 12 and 21, 

t(12;21) resulting in the TEL-AML1 fusion gene. The latter is the most common 
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molecular lesion in childhood ALL but it is not common in adult ALL (range, 3% to 4%). 

The t(9;22), or the Philadelphia chromosome (Ph) (an unfavourable cytogenetic subset) 

is common in adult ALL (25%) but it is quite rare in childhood ALL (<5%) [7]. 

Chromosomal translocations involving the immunoglobulin loci have long been 

recognized to play a crucial role in the pathogenesis of several subtypes of B-cell 

malignancy, however, they are rare in B-cell ALL [8]. 

According to some studies, the CD20 expression appears to be a poor 

prognostic feature of precursor B-cell adult ALL, particularly in the younger subsets. 

The CD20 molecule is a B-lineage specific antigen expressed on both normal and 

malignant cells during almost all stages of B-cell differentiation, with the exception of 

stem (precursor) cells and plasma cells. It is a nonglycosylated transmembrane 

phosphoprotein that forms tetramers and functions as a calcium channel, playing an 

important role in cell-cycle progression and differentiation via downstream signalling 

pathways. Its role in the apoptosis pathways including regulation of the proapoptotic 

proteins SERCA3 and Bax/Bak by alterations in intracellular Ca2+ metabolism has been 

established. The incorporation of targeted agents, such as monoclonal antibodies 

directed against specific hematopoietic cell surface antigens, has also been explored. 

Thus it is possible that the immunophenotypic classification of adult ALL will have even 

greater import with respect to characterization of the disease, prognostication, and 

delineation of therapy than nowadays [9]. 

In our work we used RCH-ACV cell line established from bone marrow cells 

taken at relapse of common acute lymphoblastic leukaemia (cALL), seven months after 

diagnosis, from an 8-year-old girl treated with combination chemotherapy. This cell line 

contains translocation t(1;19)(q23;p13.3), that is not observed in other forms of 

leukaemia, which fuses the transcription factor-encoding gene E2A at 19p13.3 with 

PBX at 1q23 [10]. Despite improvements in current combinational chemotherapy 

regimens, the prognosis of this translocation (E2A/PBX1) in the positive precursor B-

cell ALL is poor in paediatric leukaemia patients [11]. 

The wide variety of roles that E2A plays in directing lymphocyte activation and 

differentiation likely contribute to its ability to transform cells when expressed as part of 

the oncoprotein E2A-PBX1 [12]. (see Fig.1)  
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Figure 1 : The t(1;19) chromosomal translocation event generates the E2A-PBX1 

fusion gene and deletes a functional allele of E2A. (A) Wild type cells contain two 

copies of the PBX genetic locus (located on chromosome 1) and two functional copies 

of the E2A gene (located on chromosome 19). In wild type pre-B cells only E2A, which 

contains a basic helix-loop-helix domain (bHLH) and two activation domains (A) is 

expressed. (B) The t(1;19) translocation event fuses one copy of the E2A gene with 

one copy of PBX1, creating E2A-PBX1. The E2A-PBX1 protein contains the activation 

domains of E2A with the dimerization (PBX) and the homeodomain (HD) regions of 

PBX. The reciprocal translocation event encodes for the PBX1-E2A chimeric protein, 

which is rarely transcribed in tumour cells. Pre-B cells containing the translocation 

express both E2A and E2A-PBX1 [12]. 

 
Although no direct tumorigenic function has been described to the characterized 

target genes of E2A-PBX1, the requirement for the PBX1 homeodomain myeloid cell 

transformation strongly suggests that the activation of gene transcription is an 

important component of E2A-PBX1-mediated tumour development. Although it has 

been more than 26 years since the identification of t(1;19) chromosomal translocation 
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and more than 20 years since the characterization of E2A-PBX1, the mechanisms by 

which this oncoprotein produces pre-B cell ALL remain mysterious [12]. 

 

2.3. Calcium Homeostasis 
 

The universality of calcium as a second messenger depends on its enormous 

versatility. This versatility is exploited to control processes as diverse as fertilization, 

proliferation, memory, learning, development, contraction and secretion, and must be 

accomplished within the context of calcium being highly toxic [13]. Ca2+ signals are 

crucial for controlling a wide spectrum of cellular functions, ranging from rapid 

responses such as secretion, neural excitation, and muscle contraction to longer-term 

responses such as transcription, cell division and apoptosis [14]. 
The calcium concentrations of cytosol is approximately 20-50 nM in the resting, 

and about 0,1-1 μM in the activated state, respectively [15]. Keeping cytosolic Ca2+ 

concentrations during the resting state at these low levels is accomplished by Ca2+-

buffering proteins and by integral membrane transport systems that can remove Ca2+ 

from the cytosol even against large concentration gradients [16]. Cells benefit from 

practically unlimited availability of Ca2+ in the external spaces. However, this choice 

forces them to live in a perpetual situation of controlled risk, that exposes them to the 

danger that amounts of Ca2+ much in excess of those they could control will penetrate 

from the external spaces and persist in the cytosol. Increases of the basal free 

concentration of Ca2+ at rest significantly exceeding the optimal concentration of       

100-200 nM could only be tolerated for a short time. Sustained increases of levels 

would lead to permanent activation of enzymes like proteases, phospholipases, and 

nucleases, and would lead to various degrees of cell discomfort, up to death in extreme 

cases [17]. At the same time the depletion of Ca2+ in endoplasmic reticulum (ER) can 

lead to the perturbation of protein maturation, ER stress responses, growth arrest, and 

cell death [18]. As far as the signalling network concerns, it can be divided into four 

functional units (see Fig.2) 
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Figure 2 : Signalling is triggered by a stimulus that generates various Ca2+-mobilizing 

signals. The latter activate the ON mechanisms that feed Ca2+ into the cytoplasm. Ca2+ 

as a messenger to stimulate numerous Ca2+-sensitive processes. Finally, the OFF 

mechanisms, composed of pumps and exchangers, remove Ca2+ from the cytoplasm to 

restore the resting state [13]. 

 

The Ca2+ signalling toolkit has numerous Ca2+-binding proteins, which can be 

divided into Ca2+ buffers and Ca2+ sensors, on the basis of their main functions. The 

classical sensors are troponin C (TnC) and calmodulin (CAM), which undergo 

pronounced conformational change to activate various downstream effectors. TnC has 

a limited function to control the interaction of actin and myosin during the contraction of 

cardiac and skeletal muscle. CAM is used more generally to regulate many processes 

such as the contraction of smooth muscle, gene transcription, crosstalk between 

signalling pathways, ion channel modulation and metabolism [13]. 

 

2.3.1. ON mechanisms 
 

The ON mechanisms depend on Ca2+ channels that control the entry of external 

Ca2+ or the release of Ca2+ from the internal stores. The internal stores are held within 

the membrane systems of the endoplasmic reticulum (ER) or the equivalent organelle, 

the sarcoplasmic reticulum (SR) in muscle cells. Release of these internal sources is 

controlled by various channels [13]. The most important channels responsible for 

releasing Ca2+ from internal stores are the ryanodine receptors (RYRs) and inositol 

1,4,5-trisphosphate receptor (InsP3Rs) [19]. The remarkable structural and molecular 

homology shared by RYR and InsP3R is mirrored in many functional similarities, the 

most striking of which is a common sensitivity to calcium [20]. The main activator of the 

these channels is Ca2+ itself and this process of Ca2+- induced Ca2+ release is central to 

the mechanism of Ca2+ signalling. As far as the external Ca2+ concerns, there are 
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families of Ca2+ entry channels defined by the way in which they are activated. Voltage-

operated channels are plasma-membrane ion channels that are activated by 

membrane depolarization. Receptor-operated channels open on binding external 

ligand, usually transmitters such as glutamate, ATP or acetylcholin. There are also 

store-operated channels that open in response to depletion of internal Ca2+ stores 

through an unknown mechanism. 

 

2.3.2. OFF mechanisms 
 

Once Ca2+ has carried out its signalling functions, it is rapidly removed from the 

cytoplasm by various pumps or exchangers. The plasma membrane Ca2+ ATPase 

(PMCA) and Na+/Ca2+ exchangers extrude Ca2+ to the outside whereas the 

sarcoendoplasmic reticulum ATPase (SERCA) pumps return Ca2+ into the internal 

stores. The mitochondrion is another very important component of the OFF mechanism 

in that it sequesters Ca2+ rapidly during the development of the Ca2+ signal and it 

releases it back slowly during the recovery phase. The mitochondrion has an enormous 

capacity to accumulate Ca2+ and the mitochondrial matrix contains buffers preventing 

the concentration from rising too high. Once the cytosolic Ca2+ has returned to its 

resting level, a mitochondrial Na+/Ca2+ exchanger pumps the huge load of Ca2+ back 

into cytoplasm, from which it is either returned to ER or removed from the cell [13]. 

 

2.4. Calcium pumps 
 

2.4.1. PMCA 
 

PMCA is ATP-powered Ca2+ pump located in the plasma membrane, which has 

molecular mass averaging 134 kDa and is stimulated by direct interaction with 

calmodulin [21]. It belongs to the P-type pump family, which is defined by the formation 

of high-energy phosphorylated intermediate during the reaction cycle [22]. The 3D 

structure of the pump has not been yet solved, but molecular modelling work based on 

the structure of SERCA pump (see below) predicts the same general features [17], as it 

shares structural (32% identity at the primary sequence level) and mechanistic 

properties with its intracellular counterpart localized in the membrane of endoplasmic 

reticulum (ER) [23]. Despite these structural similarities, significant functional 

differences exist: SERCA pump transports two Ca2+ ions per ATP molecule, PMCA 



19 
 

pump only one. Since the extracellular concentration of Ca2+ (1-3 mM) is much higher 

than in ER lumen (100-600 μM), the energy demand on PMCA pump appears to be 

higher [24]. 

Four basic gene products were soon discovered; the transcript of each 

undergoing a complex alternative splicing process that increases the total number 

presently recognized isoforms to around 30. The four gene products (PMCA pump 

isoforms 1-4) differ in tissue distribution and CAM activity. Pumps 1 and 4 are 

ubiquitous and have poor CAM affinity, and pumps 2 and 3 have higher CAM sensitivity 

and their expression is restricted to some tissues: PMCA2 is expressed prominently in 

the nervous system and in the mammary gland and PMCA3 in the nervous system. 

These are not the only distinguishing properties, also other additional differences have 

been discovered in the interaction of the isoforms with protein partners. The isoform 

work has gradually made clear that the PMCA2 pump has properties that single it out 

from other three isoforms. For instance, it has peculiarly high resting activity so that 

CAM which normally stimulates the activity of the other three pumps four- to sixfold, 

only increases its activity by 20% or 30%. This peculiarity of PMCA2, as well as others, 

could explain its predominance in cell that have special Ca2+ homeostasis demands. 

The only spontaneous human disease related to the PMCA pump defect so far 

identified is a form of hereditary deafness. The defect concerns PMCA2 pump, which is 

abundantly expressed in brain, particularly in Purkinje cells of the cerebellum and in the 

hair cells of the Corti organ of the inner ear, where it locates specifically to the 

stereocilia. PMCA defects have been described in a huge number of disease 

conditions, among them the oxidative stress in several tissues, particularly brain, brain 

ischemia, diabetes, atherosclerosis, aging, neurodegenerative diseases, and various 

disturbances of calcium metabolism [17]. Numerous studies have also reported PMCA 

defects in various cancer types, which will be discussed later.  

 

2.4.2. SPCA 
 

The Ca2+ pump of the secretory pathway (SPCA) has been the newest addition 

to the family of Ca2+-transporting ATPases. The first member of this subfamily was 

identified in yeast and was located in the Golgi membranes. One distinctive property 

soon became evident: in addition to Ca2+, these pumps efficiently transport also Mn2+. 

Two isoforms have already been described: SPCA1 is expressed ubiquitously and it is 

thus considered a housekeeping enzyme. Its expression level varies with cell type and 

is especially increased in human epidermal keratinocytes. The expression of SPCA2, 
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instead, is more restricted. The transcript analysis has revealed high levels of SPCA2 

pump expression in the mucus-secreting goblet cells of human colon suggesting a role 

for this pump in the secretion of mucus [17]. Other difference is that, unlike SERCA-

type pumps, they can not be inhibited by thapsigargin. This allows to find out how much 

of the Ca2+ uptake in the Golgi apparatus depends on SPCA1 activity, because only 

SERCAs can be blocked by thapsigargin. In some cells more than 80% Ca2+ uptake in 

Golgi complex depends on SPCA1 [25]. 

In 1939 two dermatologist brothers described a familial benign chronic 

pemphigus, a skin disorder that was eventually named after them (Hailey-Hailey's 

disease). In 2000, inactivating mutations in the disease were discovered in one allele of 

the gene that encodes for SPCA1. However, the molecular link between the impaired 

expression and/or functional defect of SPCA and skin lesions is still not wellunderstood 

[17]. 

 

2.4.3. SERCA 
 

Calcium is accumulated from the cytosol to the endoplasmic reticulum by 

sarcoendoplasmic reticulum calcium transport ATPase (SERCA) enzymes.                 

As mentioned above, calcium stored in endoplasmic reticulum is essential for cell 

growth, differentiation, calcium signalling, apoptosis as well as for the posttranslational 

processing of nascent proteins in the ER lumen [26].  

SERCA-dependent calcium transport is the only known calcium uptake 

mechanism in this organelle, and therefore the regulation of SERCA function by the cell 

constitutes a key mechanism to adjust calcium homeostasis in the endoplasmic 

reticulum depending on the cell type and its state of differentiation. Located in the ER 

membrane, by using the energy of ATP hydrolysis, these enzymes create a strong 

calcium concentration gradient between the ER (high micromolar) and the cytosol (low 

nanomolar) [19]. It was soon discovered, as all P-type pumps, the SERCA pump was 

inhibited by La3+ and orthovanadate. Specific inhibitors were soon also discovered: 

thapsigargin (TG), 2,5-di(t-butyl)hydroquinone (tBHQ) and cyclopiazonic acid (CPA). 

While the inhibition of CPA and tBHQ is reversible, and disappears after their removal, 

that one by TG is irreversible. TG is the most popular and used inhibitor of the SERCA 

pump, and its mechanism of action is better characterized than that of the other 

inhibitors. 
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In mammals, three genes (human nomenclature ATP2A1-3) encode three main 

SERCA proteins. Each of the three transcripts undergoes tissue-dependent alternative 

splicing that increases the number of pump variants. SERCA1a and SERCA1b variants 

are expressed in adult and neonatal fast-twitch skeletal muscles. The SERCA2a 

variant is selectively expressed in heart and slow-twitch skeletal muscles, whereas the 

SERCA2b variant is expressed almost ubiquitously and is thus considered the 

housekeeping isoform. Recently, the mRNA of SERCA2c isoform has been detected in 

human monocytes and fetal hearts. SERCA3 is instead expressed in a limited number 

of nonmuscle cells. SERCA1 was the first pump to be studied, owing to the relative 

ease with which it could be purified, and it was also the first member of the family to be 

cloned. The SERCA3 pump is less well understood, and the issue of its alternative 

splicing isoforms is rather complex (see Fig.3). SERCA3 pump seems to be 

specialized for the control of relaxation of vascular and tracheal smooth muscle [17]. 

 

 
 
Figure 3 : Generation of multiple SERCA isoforms by alternative splicing of the human 

ATP2A1-3 gene [17]. 
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Currently, it is thought that the most relevant difference between SERCA2b and 

SERCA3 isoform is in differences of affinity towards calcium. Whereas the KCa2+ of 

SERCA2b is about 0,2 μM, that of the various SERCA3 isoforms is about 0,8-1,2μM. 

SERCA2b is thus active at lower free calcium levels, reaching half-maximal transport 

activity at about 0,2 μM, whereas half-maximal activity of SERCA isoenzymes is only 

reached at 0,8-1,2μM cytosolic Ca2+. In other words, that means that SERCA3 will 

blunt only higher calcium transients, whereas SERCA2-dependent calcium transport 

will be active already near resting calcium levels [18]. 

As far as the diseases related to the alterations of SERCA pump concern, there 

is an evidence of Darier's disease (or Darier-White's disease) which is a rare dominant 

autosomal skin disorder characterized by loss of adhesion between epidermal cells and 

abnormal keratinization. Surprisingly, no reports have described heart defects, in spite 

of the finding that the large majority of patients carry mutations in the region of 

SERCA2 gene which is common to both SERC2a and -2b isoforms [17]. 

A relationship between cancer and SERCA pump dysfunction will be discussed later.  

 

2.5. Calcium and cancer 
 

Changes in cellular physiology of the cancer cell have already been defined and 

include resistance to apoptosis, tissue invasion and metastasis, limitless replication 

and sustained angiogenesis. In normal cells many of these pathways are highly 

dependent on precise Ca2+ signalling and thus in the tumour phenotype, where these 

pathways are deregulated, there is likely to be remodelling of Ca2+ homeostasis that 

promote tumour progression. For instance, changes in intracellular Ca2+ levels provide 

a signal for normal cells to enter the cell cycle and replicate. Ca2+ mediated activation 

of CAM kinase facilitates the progression of cells through the G1 and mitotic phase of 

the cell cycle. When CAM kinase is inhibited cell cycle is induced, due in part to 

inhibition of cyclin D1 [27]. Ca2+ operates upstream of the cell cycle machinery by 

regulating the expression, activity and/or location of the transcription factors controlling 

expression of the G1 cyclins (FOS, JUN, MYC) [28]. 

Cancer cells can become dedifferentiated in the neoplastic process, and there 

are clear examples where changes in the expression of Ca2+ pumps are a marker for 

the differentiation of cancer cell lines [29]. Ca2+ is, thus, a key regulator of tumour 

relevant pathways such as proliferation, apoptosis, and metastasis, highlighting the 

potential for Ca2+ signalling to have a major influence on neoplastic process.  
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Although research is still at its beginning, aberrant expression of specific PMCA 

isoforms appears to be a feature of some cancers. Altered PMCA expression across 

multiple malignancies has been reported as either an increase of decrease in mRNA 

and/or protein levels. For example, PMCA1 is downregulated in primary oral squamous 

cell carcinoma lines and in premalignant lesions suggesting the downregulation of 

PMCA1 may be an early event in tumorigenesis. Our current understanding of PMCA 

in breast cancer suggests that PMCA2 may be upregulated in some breast cancers to 

promote tumour survival by blocking activation of apoptotic programs. Although breast 

cancers are most likely to have increased ability to remove Ca2+ from the cell, this is in 

sharp contrast to colon cancers, where PMCA-mediated efflux seems to be attenuated 

in the malignant phenotype. We can assume that PMCA4 downregulation in colon 

cancer cells is insufficient to augment responsiveness to apoptotic stimuli, most likely 

due to PMCA1-mediated Ca2+ efflux preventing the prolonged Ca2+ signals required to 

trigger cell death. Reduced PMCA expression in colon cancers may occur at a level 

promoting proliferation without augmenting cell death. One of the questions raised 

when we compare the changes in PMCA expression in breast and colon cancers is - 

how can PMCA be overexpressed in some cancers and downregulated in others, but in 

both cases still contribute to tumour progression? Indeed, PMCA2 overexpression in 

some breast cancer cells may have a survival advantage, whereas PMCA4 

downregulation in some colon cancer cells may lead to a growth advantage [27]. 

The role of SERCA in tumour development has also been documented. The 

mutations in ATP2A2 gene could be responsible for human cancer development. 

Thirteen alterations of the gene were found in patients with lung or colon cancer. 

Similarly, eight different mutations have been found in ATP2A2 and ATP2A3 genes in 

eleven patients with head and neck squamous cell carcinoma. Additional evidence for 

the involvement of SERCA pump defects in cancer comes from studies on the 

expression of pump isoform in some carcinoma and leukaemia cells during 

differentiation. The SERCA3 pump was significantly reduced or lost in colon 

carcinomas. Interestingly, SERCA pump inhibition by TG has been proposed as               

a potential targeted therapy for prostate cancer. As it is well known, TG induces the 

activation of apoptotic pathways within the ER and mitochondria. Obviously, as SERCA 

is an ubiquitous protein, TG would be toxic and it would be impossible to use it in 

therapy. The toxicity problem has been eliminated by coupling TG to a carrier peptide, 

producing an inactive prodrug that would only become activated in the environment of 

prostate malignant cells. This is because of the fact that prostate cancer cells produce 

a specific antigen (PSA) that is serine-threonine protease. In the prodrug, the carrier 

peptide that shielded the toxicity of TG was the peptide substrate of PSA, which would 
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only be cleaved off efficiently from the inactive complex in the environment of prostate 

cancer cells, where the PSA protease is abundant, liberating TG: prodrugs of this type, 

which are currently in clinical trials, have yielded promising initial results [17]. 

 

2.6. Previous experiments of the group concerned SERCA 
and its relation to tumorigenesis 

 
Experimental data obtained by our group indicate that the SERCA composition 

of several carcinoma and leukaemia cell types undergoes significant changes during 

differentiation, and that this is accompanied by modifications of SERCA-dependent 

Ca2+ accumulation in the ER. Our group thus proposed that the modulation of the 

expression of various SERCA isoforms, in particular the induction of the expression of 

SERCA3, is an integral part of the differentiation program of several cancer and 

leukaemia cell types [25]. 

Following experiments aimed to determine the level of SERCA expression in 

various cell types while carrying out Western blot and using SERCA-isoform specific 

discriminating antibodies IID8 and PLIM430. 

Whereas SERCA2b is ubiquitously expressed in non-muscle cells, in several 

cell types SERCA2b is co-expressed with SERCA3. The expression of SERCA3,         

a lower calcium-affinity calcium pump, is selectively induced during cell differentiation, 

and is decreased during immortalization and tumorigenesis, indicating that ER calcium 

sequestration is remodelled during these processes [18]. 

 

2.6.1. SERCA in colon and gastric cancer cells 
 

Calcium plays an important role in the physiology of intestinal epithelium. 

Cytosolic free Ca2+ concentration increases during the ontogeny of intestinal 

epithelium, and the differentiation-inducing effect of increased cytosolic calcium levels 

has also been observed, suggesting that a cross-talk may exist between calcium 

homeostasis and the control of epithelium differentiation. In addition, extracellular free 

Ca2+ concentration modulates the proliferation and the differentiation of enterocytic 

cells [30]. 

To study the involvement of SERCA proteins in differentiation, differentiation of 

colon and gastric cell lines was initiated, and the change in the expression of SERCA 

isoenzymes as well as intracellular calcium levels were investigated. Treatment of the 
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tumour cells with butyrate or other established differentiation inducing agents resulted 

in a marked and specific induction of the expression of SERCA3 (see Fig.4) whereas 

the expression of the ubiquitous SERCA2 enzymes did not change significantly or was 

reduced.  Analysis of the expression of the SERCA3 alternative splicing isoforms 

revealed induction of all three known isoforms of SERCA3 (3a, 3b and 3c). Butyrate 

treatment of the KATO-III gastric cancer cells led to higher resting cytosolic calcium 

concentrations and, in accordance with the lower calcium affinity of SERCA3, to 

reduced calcium ER content.  

 

 
Figure 4:  In normal colonic epithelium (right) abundant SERCA3 expression is 

reflected by strong brown labelling in colonic crypt epithelial cells, whereas in adjacent 

moderately well differentiated colon adenocarcinoma (left) SERCA3 expression is 

barely detectable or lost in the adenocarcinoma cells [18]. 
 

SERCA3 expression could be induced by several physiologically relevant short 

chain fatty acids such as valerate, butyrate, and to a lesser extent by propionate or 

caproate, by synthetic butyrate analogs or butyrate-releasing prodrugs. Short chain 

fatty acids are produced by the fermentation of dietary fibers by the colonic flora, and 

the induction of the differentiation followed by apoptosis of microscopic precancerous 

lesions by these molecules (and in particular by butyrate) is considered as being the 

most important mechanism of the protective effect of a fiber-rich diet against colorectal 

cancer [31]. 
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2.6.2. Cross-talk between RARα and calcium-dependent signalling 

 
In order to better understand the role of SERCA proteins and cellular calcium 

homeostasis in all-trans retinoic acid (ATRA)-induced differentiation, the effect of 

pharmacologic inhibition of SERCA-dependent calcium uptake into the ER on ATRA-

induced differentiation of the HL-60 cells myelogenous and the NB4 promyelocytic cell 

lines was investigated [32].  

The highly pleiotropic effects of retinoic acid are mediated by two families of 

ligand-dependent transcriptional regulators: the retinoic acid receptors (RARα, β and 

γ), which as homo- and heterodimers recognize specific DNA sequences and regulate 

target gene expression. ATRA-induced differentiation of HL-60 cells is mediated only 

by RARα, whereas in the NB4 cell line, which has been derived from a patient affected 

by acute promyelocytic leukaemia (APL), differentiation may be mediated by both 

RARα and PML-RARα oncogenic protein [32]. 

In response to external signals, second messenger-induced Ca2+ mobilization 

from the ER into the cytosol is a key component of intracellular signalling networks 

controlling cell activation, leading subsequently to calcium influx across the plasma 

membrane. The depletion of intracellular Ca2+ storage in the ER can be 

pharmacologically achieved by the direct inhibition of SERCAs by permeable agents 

such as tBHQ, TG or CPA.  These agents release Ca2+ into the cytosol, mimicking 

second messenger-induced calcium mobilization, and active capacitative Ca2+ influx 

from the extracellular medium [32]. 

The results show that a cross-talk may operate between cellular calcium 

homeostasis modulated by pharmacologic SERCA inhibitors and the ATRA-dependent 

signalling pathway during ATRA-induced differentiation, and that Ca2+ homeostasis 

may be involved in the regulation of the ATRA-induced degradation of the RARα and 

PML-RARα proteins. SERCA proteins are directly involved in the control of cytosolic 

and intra-endoplasmic reticulum Ca2+  levels and can modulate transplasma membrane 

calcium influx indirectly, because of capacitative calcium influx, a mechanism controlled 

by the filling state of ER. Capacitative calcium influx can also be activated by the 

depletion of ER calcium content using SERCA inhibitors. The results indicate that           

a partial inhibition of calcium pumping into the ER significantly enhances ATRA-

induced differentiation of cells that are sensitive to the effect of ATRA, suggesting that 

SERCA activity may be able to fine-tune the sensitivity of the cell to the differentiation-

inducing activity of ATRA [32]. 
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2.6.3. SERCA expression during breast tumorigenesis 
 

Breast carcinoma, which represents 40% of all cancers in women, is                        

a heterogeneous disease with a variety of pathological entities and range of clinical 

behaviours. The complexities of breast molecular carcinogenesis are, however, 

reflected by the observations that benign tumoral lesions of the breast are not 

inevitably preneoplastic, that breast carcinoma can arise without previous preneoplastic 

stages, and that the carcinomas can arise equally within histologically low or high 

grade premalignant lesions [33]. 

It has been shown that SERCA3 protein was expressed in normal breast tissue, 

with the highest expression levels found in normal lobular epithelial cells. SERCA3 

expression was also observed, although at a lower level, in luminal ductal cells, 

whereas myoepithelial cells were consistently negative. This may indicate that 

SERCA3 constitutes a new phenotypic marker that displays a cell-type specific 

expression pattern in the normal mammary gland. Based on further experiments it 

turned out that SERCA3 expression levels were drastically decreased already at the 

earliest stages of morphologically detectable anomalies of normal acinar architecture, 

and remained low at further stages of lobular carcinogenesis. Regarding ductal 

pathology, it has been shown that although normal breast ducts expressed SERCA at 

significant levels, its expression was unchanged or decreased in early benign ductal 

lesions. In invasive ductal carcinoma SERCA3 expression was inversely correlated 

with nuclear grade and proliferative activity, as well as with hormone receptor 

expression. SERCA3 loss was the most significant in high nuclear grade, highly 

proliferating, hormone receptor negative tumours [33].  

Epidemiologic and also experimental studies indicate that calcium plays an 

important role in breast cancer prevention and in the control of breast cancer cell 

growth. The finding that endoplasmic reticulum pump expression becomes anomalous 

already in very early non-obligatory precancerous lesions indicates that proper calcium 

uptake into the organelle is involved in the establishment and maintenance of the fully 

differentiated breast acinar phenotype, and suggests that a previously unknown defect 

of calcium accumulation into the ER, related to the loss of SERCA3 expression, may 

be involved in the formation of early/premalignant steps of breast tumorigenesis [33]. 
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3. AIM OF THE WORK 
 
 
1. To study and compare the expression of SERCA 2 and SERCA 3 enzymes in B cell 

precursor leukaemia cells. 

 

2. To study the modulation of SERCA expression during phorbol-myristate-acetate 

induced differentiation of B cell precursor leukaemia cells. 

 

3. To determine the time course and concentration dependency of the effect of phorbol-

myristate-acetate. 
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4. EXPERIMENTAL PROCEDURES 
 

 

4.1. Materials and methods 
 

4.1.1. Instruments  

 
Standard cell culture equipment :  

Centrifuges 

Freezing and ice box -20°C 

Freezing box -80°C 

Humidified cell culture incubator (37°C, 5%CO2).  

Inverted microscope 

Laminar air flow hood 

Liquid nitrogen container for cryopreservation of viable cells 

Malassez counting chamber  

Microscope 

Water bath 

 

Equipment for Western immunblotting: 

 
BioRad - Chemi Doc MP Imaging system 

BioRad - Coloured protein molecular weight marker solution 

BioRad - power supply 

BioRad Mini-Protean 3 polyacrylamide electrophoresis and Western blot apparatus 

Digital and analytic balances 

Enhanced chemiluminescence (ECL) substrate solution (Amersham, Chalfont Heights, 

UK) 

Gilson precision pipettes (10, 20, 200, 1000 L) 

Nitrocellulose membranes (0.2 m pore size BioRad and Amersham)  

PageRuler Plus Prestained Protein Ladder 

pH-meter 

Pipet-aid automatic pipette 

Vortex shaker 
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4.1.2. Chemicals  
 

Cell growth media (obtained from Lonza, Verviers, Belgium): 
 

DMEM medium 

Fetal bovine serum (FBS), heat inactivated (45°C 45 min) 

RPMI 1640 medium 

Trypan blue solution 

 

Drugs (obtained from Sigma-Aldrich France, Saint-Quantin Fallavier, France): 

 
Acrylamide-bisacrylamide solution 40% (weight ratio 37.5/1) 

Ammonium persulfate 

Bromophenol blue 

Dimethyl sulfoxide 

Ethanol absolut 

Hydrochloric acid 

Low-fat non-supplemented milk powder 

Phorbol-myristate-acetate 

Ponceau red 

Sodium chloride 

Sodium dodecyl sulfate 

TEMED (NN,N’N‘-tetramethyl-ethylenediamine) 

Trichloroacetic acid 

TWEEN 20 (Polyethylen sorbitan monolaurate) 

 

Primary anti-SERCA antibodies: 

 PLIM 430 (obtained from hybridoma supernatant in the laboratory) 

 IID8 (BioMol, Clinisciences, France) 

 

Secondary antibody: 

 Goat anti-mouse IgG-peroxydase conjugate (obtained from Jackson 

ImmunoResearch France) 
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4.2. Working procedures 

 

4.2.1. Cell culture procedures 
 

In this work the following cancer cell lines were used: 

 RCH-ACV (B cell precursor leukaemia) 

 KASUMI-2 (B cell precursor leukaemia) 

 
Cells were obtained from Leibniz Institute DSMZ-German Collection of 

Microorganisms and Cell Cultures. Both cell lines were grown in the non-adherent Petri 

dishes in order to avoid the adherence after treatment. 

Exponentially growing cells were harvested in the RPMI 1640 medium, 

according to the instructions of  DSMZ, supplemented with 10% (for KASUMI-2) and 

20% (for RCH-ACV) heat inactivated fetal calf serum and 2mM glutamine , at 37°C and 

in a humidified cell culture incubator in an atmosphere of 95% air and 5% CO2.. 

PMA was added to the cells from the concentrated stock solution in DMSO. At 

the end of treatment cells were centrifuged, washed with 150 mM NaCl twice and 

precipitated in 5% TCA. Cell density and viability were determined using the Malassez 

counting chamber and Trypan blue solution. 

 
Preparation of cell lysates:  

 
Precipitated total cellular protein was resuspended in TCA, centrifuged for          

8 minutes at rpm 1800, and pellet was transferred into pre-weighted 2 ml Eppendorf 

tubes. After centrifugation at 12 000xg for 10 minutes at 4°C supernatant was aspirated 

and centrifugation was repeated once. After a second aspiration of the remaining 

supernatant, tubes containing the TCA-precipitated cellular protein fraction were 

weighted. Then TCA pellets were dissolved in Blue lysis buffer at a ratio of 30 mg TCA 

protein precipitate per ml lysis buffer. 
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4.2.2. SDS-polyacrylamide electrophoresis and Western blotting 
 

Immunoblotting (western blotting) is widely used analytical technique to detect 

specific antigens recognized by polyclonal and monoclonal antibodies. It uses gel 

electrophoresis to separate native proteins according to their molecular weight. Protein 

samples are solubilized and denaturated, usually with sodium dodecyl sulphate (SDS). 

After solubilization, the material is separated by SDS-PAGE and the antigens are 

electrophoretically transferred to a nitrocellulose membrane. This process can be 

monitored qualitatively or quantitatively by staining with Ponceau Red.  

Samples are loaded into wells in the gel. The first lane is usually reserved for marker, 

mixture of proteins having defined molecular weights, typically stained so as to form 

visible, coloured bands. 

 
SDS-PAGE 

 
Preparations of solutions for the gels: 

 
TRIS 1,5 M (pH=8,8)            : 1 l - 181,71g  

TRIS 0,5 M (pH=6,8)            : 1 l -   60,57g  

SDS 10%                              : 1 l - 100g 

ammonium persulfate 10 % : 100 mg - 100 μl  

 

Gels : 

1. Separating gel 

2. Stacking gel 

 

Composition of gels: 

 
 Separating gel (8%) 

TRIS 1,5 M (pH 8,8) 3,8 ml 

Acrylamide mix 40% 3 ml 

dd water 8 ml 

TEMED 9 μl 

ammonium persulfate 10% 150 μl 

SDS 10% 150 μl 
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Stacking gel   
TRIS 0,5 M (pH 6,8) 1,26 ml 

0,5 ml 
dd water 3,2 ml 
TEMED 5 μl 
ammonium persulfate 10% 50 μl 
SDS 10% 50 μl 

 
10l of a marker and 20 l protein lysates/well was loaded and electrophoresis 

was performed at 120 V constant Voltage and 400 mA for approximately two hours in 

Tris/glycine 5X electrophoresis buffer containing 1% SDS. Electrophoresis was 

stopped when the bromophenol blue front arrived at the bottom of the gel. 

 
Imunoblotting 

 
The process called blotting is performed in a tank of buffer with the gel, 

completely submerged between two electrode panels. The electrophoretically 

transferred proteins are bound to the surface of the nitrocellulose membrane and thus 

providing access to immunodetection reagents. 

The transfer is accomplished by migration at  350 mA (constant amperage) in 

Tris/glycine 5x electrophoresis buffer supplemented with 20% ethanol and 0.1% SDS.  

 

4.2.3. Ponceau red staining 
 

In order to check the uniformity of loading and to normalize signals the blots 

were stained by 0.3% Ponceau red in 0.5% TCA, and  scanned and quantified using 

Image J software. 

 

4.2.4. Immunodetection 

 
After the transfer, nonspecific binding sites are blocked using a dilute solution of 

protein - Tris-Buffered Saline (TBS) - Tween buffer containing 10 mM Tris, pH 

7.4, 150 mM NaCl, and 0.1% Tween 20 supplemented with 5% low-fat dry milk, for 1 

hour. Then membranes were incubated with the anti-SERCA primary antibodies (IID8 
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for SERCA2 and PLIM430 for SERCA3) for one hour. These primary monoclonal 

antibodies were used at 0.2 g/ml concentration. 

Following the incubation with the primary antibody were washed in distilled 

water and then incubated in TBS-Tween buffer for 10 minutes twice. Then the 

antibody-antigen complexes were tagged with peroxidase coupled to a secondary anti-

mouse IgG antibody. This incubation took 1 hour and the blots were washed as 

mentioned above. For the detection of SERCA2 and SERCA3 proteins, blots were 

transferred into Enhanced Chemiluminescent Detection solution (Amersham) and 

luminescence signals were detected using BioRad - Chemi Doc MP Imaging system 

and quantified by the Image Lab 4.0 gel analysis software. 
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5. RESULTS 
 

 
In this work we investigated the expression levels of SERCA2 and SERCA3 

isoforms in precursor B-cell acute lymphoblastic leukaemia cells compared to the 

negative control. For that we used two cell lines Kasumi-2 and RCH-ACV. Our goal 

was to determine whether there has been a difference in expression levels of higher 

mentioned isoforms after the induction caused by PMA as a cellular differentiation 

inducer. SERCA expression was determined in Western blot format using PLIM 430 

and IID8 anti-SERCA monoclonal antibodies recognizing SERCA3 and SERCA2 

enzymes. 

We found out significant differences in SERCA2 and SERCA3 expression levels 

while performing both dose response and time course experiments. Whereas the 

expression of SERCA2 did not change significantly during the given period and at 

given concentrations of the treatment, SERCA3 expression was selectively induced 

during the cell differentiation (see Fig. 5-8). We observed a dose-dependent induction 

of SERCA3 expression and the results showed that the highest induction was achieved 

at 10-8 mol/l concentration of PMA in both cell lines (see Fig. 5-6). Concerning the most 

intense response in time, the highest induction of SERCA3 expression appeared to be 

5th or 6th day (see Fig. 7-8). 

Moreover, this observation was confirmed in both cell lines so we can assume 

that it is a general phenomenon and thus we may propose SERCA3 as a new 

phenotypic marker of differentiation of leukaemia cells. The potential risk of cell toxicity 

of PMA was eliminated by daily cell counts and viability testing using trypan blue after 

each experiment. The results of our experiments clearly showed the role of SERCA 

enzymes in calcium homeostasis of precursor B-cell leukaemia cells. However, in order 

to support our hypothesis of a direct influence on interfering cellular differentiation of 

these tumour cells flow cytometry analysis and calcium fluorimetry experiments will 

have to be carried out. 
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5.1. SERCA2 and SERCA3 expression in Kasumi-2 dose 
response 

 

As we can see in Fig. 5 the expression of SERCA2 is lower comparing to SERCA3, 

although the difference is not that significant as in RCH-ACV cell line (see Fig. 6). The 

highest induction of SERCA3 expression was achieved at 10-8 mol/l PMA. After 

reaching this concentration we have not observed that the expression would grow any 

further at increasing contrentrations of PMA.  

 

 

 
Figure 5 : Immunodetection of SERCA2 and SERCA3 expression in Kasumi-2 cells 

treated by PMA at increasing concentrations from 10-11 to 10-5 mol/l. Protein samples of 

Kasumi-2 cells treated by PMA at several concentrations were submitted to SDS-

PAGE and transferred to nitrocellulose membranes.  Afterwards the membranes were 
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incubated with anti-SERCA antibodies and eventually chemiluminescent signals were 

obtained and expression levels of SERCA2 and SERCA3 were detected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



38 
 

5.2. SERCA2 and SERCA3 expression in RCH-ACV dose 
response 

 
The same procedure was used for RCH-ACV cell line, which was characteristic by its 

faster growth comparing to Kasumi-2 cell line . All cells were treated by PMA except 

untreated cells which served as a negative control. In contrast to the previous 

experiment with Kasumi-2 we can observe significant difference between SERCA2 and 

SERCA3 expression. Whereas SERCA3 expression is induced considerably with the 

maximum at 10-8 mol/l PMA, SERCA2 expression remains almost unmodified by the 

treatment (see Fig. 6). 

 

 

 
Figure 6 : Immunodetection of SERCA2 and SERCA3 expression in RCH-ACV cells 

treated by PMA at increasing concentrations from 10-11 to 10-5 mol/l. Protein samples of 

RCH-ACV cells treated by PMA at several concentrations were submitted to SDS-
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PAGE and transferred to nitrocellulose membranes.  Afterwards the membranes were 

incubated with anti-SERCA antibodies and eventually chemiluminescent signals were 

obtained and expression levels of SERCA2 and SERCA3 were detected. 
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5.3. SERCA2 and SERCA3 expression in Kasumi-2 time 
course 

 
The time course experiment with Kasumi-2 cell line was also carried out in order to 

compare the induction of SERCA2 and SERCA3 expression levels in time. For the time 

course experiment 10-7 mol/l PMA was chosen as the optimal concentration. The most 

intense response of SERCA3 expression could be observed in 6th day as it is 4-5 fold 

increased compared to the untreated control (see Fig. 7)       
 

 

 
Figure 7 : Immunodetection of SERCA2 and SERCA3 expression in Kasumi-2 cells 

treated by PMA at 10-7 mol/l for 7 days compared to untreated control. Protein samples 

of Kasumi-2 cells treated by PMA were submitted to SDS-PAGE and transferred to 

nitrocellulose membranes.  Afterwards the membranes were incubated with anti-
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SERCA antibodies and eventually chemiluminescent signals were obtained and 

expression levels of SERCA2 and SERCA3 were detected. 
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5.4. SERCA2 and SERCA3 expression in RCH-ACV time 
course 

 
The same type of experiment as previously was performed with RCH-ACV cells in 

order to obtain results in other cell line, as well. We can confirm induction of SERCA3 

expression in RCH-ACV cell line is in a time course dependant manner, as well. As far 

as the expression of SERCA2 concerns we received the same results as in the 

previous experiment. SERCA2 was not modified during the time course and its 

expression levels were comparable with untreated control.  (see Fig. 8) 
 

 

    
Figure 8 : Immunodetection of SERCA2 and SERCA3 expression in RCH-ACV cells 

treated by PMA at 10-7 mol/l for 5 days compared to untreated control. Protein samples 

of RCH-ACV cells treated by PMA were submitted to SDS-PAGE and transferred to 

nitrocellulose membranes.  Afterwards the membranes were incubated with anti-
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SERCA antibodies and eventually chemiluminescent signals were obtained and 

expression levels of SERCA2 and SERCA3 were detected. 
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6. DISCUSSION AND CONCLUSIONS 
 

 
Despite advances in the understanding of the molecular mechanisms of tumour 

development in haematological malignancies the current treatment options are limited 

because neither radiotherapy nor chemotherapy is completely effective at producing 

durable responses. Although there has been made a great progress in 

chemotherapeutic strategies against the tumour progression, the metastatic tumours 

still remain highly resistant to chemotherapy and show more aggressive phenotype. 

Development of chemotherapy in combination with molecular targeted therapies 

inhibiting specific cancer pathways and key molecules in tumour growth holds great 

promise in cancer treatment. Various surface growth factors receptors with tyrosine 

kinase activity are expressed in many tumour types including the haematological 

malignancies. Small-molecule drugs and monoclonal antibodies directed against these 

targets may provide significant improvement in overall survival [34, 35]. 

Recently, the field of cancer research has witnessed the emergence of novel 

possible approaches such as differentiation induction of the tumour cells that would 

contribute to long-term disease control and patient survival. Differentiation therapy as 

the targeted anticancer therapy is highly promising. Currently the importance of using 

combinatorial approaches to the treatment of haematological malignancies with agents 

that target multiple pathways is emphasized. These approaches lead more effectively 

and at less toxic doses to differentiation and apoptosis of malignant cells [36]. Some 

authors have also described the ability of calcium to increase terminal differentiation 

and demonstrated the activation of protein kinase C pathway that might eventually be 

useful in restoring normal control of differentiation in malignant cells [37].  Our group 

previously studied the cross-talk between calcium homeostasis, altered expression of 

SERCA enzymes and cellular differentiation in various malignancies, such as colon 

and gastric carcinoma, acute promyelocytic leukaemia or breast carcinoma. SERCA 

enzymes, sarcoendoplasmic reticulum calcium transport ATPases, have been the only 

known mechanism responsible for the transport of cytosolic Ca2+ into endoplasmic 

reticulum and its accumulation [26]. 

 This work focuses on the potential implications of this promising therapy based 

on observations that the modulation of calcium pump expression is an integral 

component of the hematopoietic differentiation program of precursor B-cell acute 

lymphoblastic leukaemia cells. This may imply that the calcium homeostasis and 

signalling of these cells is altered during the tumorigenesis.  
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Our experiments showed that the induction of differentiation of our cells led only 

to an increased expression of SERCA3, whereas the expression of SERCA2 remained 

unchanged or insignificantly increased. That would mean that treatment induced               

a selective expression of only one SERCA isoform. At the same time it would support 

the hypothesis that SERCA isoforms possess distinct biochemical properties such 

as calcium affinity and sensitivity towards biochemical regulation and pharmacological 

modulation [18]. The experiments were carried out on two different cell lines which 

would indicate a general phenomenon and propose SERCA3 as a new marker of 

differentiation of leukaemia cells. The potential risk of cell toxicity of phorbol-myristate-

acetate as a treatment was excluded thanks to cell counts and viabilities determination 

by trypan blue. 

In conclusion, our findings extend the hypothesis previously supported by our 

initial experiments that endoplasmic reticulum undergoes a significant remodelling 

during the differentiation of leukaemia cells and that the calcium homeostasis is 

involved in the process of carcinogenesis. This would possibly offer a new therapeutic 

approach in the field of hemato-oncology and may serve as a better additional regimen 

for the patients. However, in order to  establish validity of our hypothesis of cellular 

differentiation of precursor B-cell leukaemia cells induced by PMA further experiments 

will be required.  This will include flow cytometry for identification of differentiation 

antigen expression and quantitative calcium fluorimetry using confocal microscopy. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



46 
 

7. REFERENCES 
 

 
1. Jaffe EP, Harris NL, Stein H, Vardiman JW, (2001) World Health Organization 

Classification of Tumours. Pathology and Genetics of Tumours of Haematopoietic and 

Lymphoid Tissues. In: WHO Classification. IARC Press, Lyon, page 12-13  

 

2. Sherborne AL, Houlston RS, Monteith GR (2010) What are genome-wide 

association studies telling us about B-cell tumor development. Oncotarget 1(5),        

367-372 

 

3. Schultz KR, Pullen DJ, Sather HN, Shuster JJ, Devidas M, Borowitz MJ, Carroll AJ, 

Heerema NA, Rubnitz JE, Loh ML, Raetz EA, Winick NJ, Hunger SP, Carroll WL, 

Gaynon PS, Camitta BM (2007) Risk- and response-based classification of childhood 

B-precursor acute lymphoblastic leukemia: a combined analysis of prognostic markers 

from the Pediatric Oncology Group (POG) and Children's Cancer Group (CCG). Blood 

109(3), 926-935 

 

4. Tong H, Zhang J, Lu C, Liu Z, Zheng Y (2010) Immunophenotypic, cytogenetic and 

clinical features of 113 acute lymphoblastic leukaemia patients in China. Annals 

Academy of Medicine 39(1), 49-53 

 

5. Rhein P, Mitlohner R, Basso G, Gaipa G, Dworzak MN, Kirschner-Schwabe R, 

Hagemeier C, Stanulla M, Schrappe M, Ludwig WD, Karawajew L, Ratei R. (2010) 

CD11b is a therapy resistance- and minimal residual disease-specific marker in 

precursor B-cell acute lymphoblastic leukemia. Blood 115(18), 3763-3771 

 

6. Healy J, Bourgey M, Richer C, Sinnett D, Roy-Gagnon MH. (2010) Detection of 

fetomaternal genotype associations in early-onset disorders: evaluation of different 

methods and their application to childhood leukemia. Journal of Biomedicine and 

Biotechnology  2010:369534, 1-13 

 

7. Garg R, Kantarjian H, Thomas D, Faderl S, Ravandi F, Lovshe D, Pierce S, O'Brien 

S. (2009) Adults with acute lymphoblastic leukemia and translocation (1;19) 

abnormality have a favorable outcome with hyperfractionated cyclophosphamide, 



47 
 

vincristine, doxorubicin, and dexamethasone alternating with methotrexate and high-

dose cytarabine chemotherapy. Cancer 115(10), 2147-2154 

 

8. Dyer MJ, Akasaka T, Capasso M, Dusanjh P, Lee YF, Karran EL, Nagel I, Vater I, 

Cario G, Siebert R. (2010) Immunoglobulin heavy chain locus chromosomal 

translocations in B-cell precursor acute lymphoblastic leukemia: rare clinical curios or 

potent genetic drivers? Blood 115(8), 1490-1499 

 

9. Thomas DA, O'Brien S, Jorgensen JL, Cortes J, Faderl S, Garcia-Manero G, 

Verstovsek S, Koller C, Pierce S, Huh Y, Wierda W, Keating MJ, Kantarjian HM. (2009) 

Prognostic significance of CD20 expression in adults with de novo precursor B-lineage 

acute lymphoblastic leukemia Blood 113(25), 6330-6337 

 

10.http://www.dsmz.de/catalogues/details/culture/ACC-

548.html?tx_dsmzresources_pi5%5BreturnPid%5D=192) 

 

11. Shiozawa Y, Pedersen EA, Taichman RS. (2010) GAS6/Mer axis regulates the 

homing and survival of the E2A/PBX1-positive B-cell precursor acute lymphoblastic 

leukemia in the bone marrow niche. Experimental Hematology  38(2), 132-140 

 

12. Aspland SE, Bendall HH, Murre C. (2001) The role of E2A-PBX1 in 

leukemogenesis. Oncogene  20(40), 5708-5717 

 

13. Berridge MJ, Lipp P, Bootman MD. (2000) The versatility and universality of 

calcium signalling. Nature Reviews Molecular Cell Biology 1(1), 11-21 

 

14. Wang Y, Deng X, Gill DL. (2010) Calcium signaling by STIM and Orai: intimate 

coupling details revealed. Science Signaling 3(148), 1-4 

 

15. Papp B, Brouland JP, Gélébart P, Kovàcs T, Chomienne C. (2004) Endoplasmic 

reticulum calcium transport ATPase expression during differentiation of colon cancer 

and leukaemia cells. Biochemical and Biophysical Research Communications 322(4), 

1223-1236 

 

16. Strehler EE, Filoteo AG, Penniston JT, Caride AJ. (2007) Plasma-membrane 

Ca(2+) pumps: structural diversity as the basis for functional versatility .Biochemical 

Society Transactions  35(5), 919-922 



48 
 

 

17. Brini M, Carafoli E. (2009) Calcium pumps in health and disease. Physiological 

Reviews  89(4), 1341-1378 

 

18. Arbabian A, Brouland JP, Gélébart P, Kovàcs T, Bobe R, Enouf J, Papp B. (2011) 

Endoplasmic reticulum calcium pumps and cancer. Biofactors  37(3), 139-149 

 

19. Berridge MJ. (2004) Calcium signal transduction and cellular control mechanisms. 

Biochimica et Biophysica Acta  1742(1-3), 3-7 

 

20. Berridge MJ. (1993) Inositol trisphosphate and calcium signalling. Nature. 

361(6410), 315-325 

 

21. Foletti D, Guerini D, Carafoli E. (1995) Subcellular targeting of the endoplasmic 

reticulum and plasma membrane Ca2+ pumps: a study using recombinant chimeras. 

The FASEB Journal  9(8), 670-680 

 

22. Di Leva F, Domi T, Fedrizzi L, Lim D, Carafoli E. (2008) The plasma membrane 

Ca2+ ATPase of animal cells: structure, function and regulation. Archives of 

Biochemistry and Biophysics   476(1), 65-74 

 

23. Guerini D, Zecca-Mazza A, Carafoli E. (2000) Single amino acid mutations in 

transmembrane domain 5 confer to the plasma membrane Ca2+ pump properties 

typical of the Ca2+ pump of endo(sarco)plasmic reticulum. The Journal of Biological 

Chemistry   275(40), 31361-8 

 

24. Guerini D, Guidi F, Carafoli E. (2002) Differential membrane targeting of the 

SERCA and PMCA calcium pumps: experiments with recombinant chimeras. The 

FASEB Journal 16(6), 519-528 

 

25. Pavlína Šerá (2009): Cellular differentiation analysis using SERCA3 protein 

expression in cancer cells. Diploma thesis. Department of Pharmacology and 

Toxicology Faculty of Pharmacy Charles University, Hradec Králové, page 17, 22 

 

26. Launay S, Giannì M, Kovàcs T, Bredoux R, Bruel A, Gélébart P, Zassadowski F, 

Chomienne C, Enouf J, Papp B. (1999) Lineage-specific modulation of calcium pump 

expression during myeloid differentiation. Blood 93(12), 4395-4405 



49 
 

 

27. Curry MC, Roberts-Thomson SJ, Monteith GR (2011) PMCA membrane calcium 

ATPases and cancer. BioFactors 37(3), 132-138 

 

28. Roderick HL, Cook SJ. (2008) Ca2+ signalling checkpoints in cancer: remodelling 

Ca2+ for cancer cell proliferation and survival. Nature Reviews Cancer 8(5), 361-375 

 

29. Monteith GR, McAndrew D, Faddy HM, Roberts-Thomson SJ. (2007) Calcium and 

cancer: targeting Ca2+ transport. Nature Reviews Cancer 7(7), 519-530 

 

30. Brouland JP, Gélébart P, Kovàcs T, Enouf J, Grossmann J, Papp B. (2005) The 

loss of sarco/endoplasmic reticulum calcium transport ATPase 3 expression is an early 

event during the multistep process of colon carcinogenesis. American Journal of 

Pathology 167(1), 233-242 

 

31. Gélébart P, Kovács T, Brouland JP, van Gorp R, Grossmann J, Rivard N, Panis Y, 

Martin V, Bredoux R, Enouf J, Papp B. (2002) Expression of endomembrane calcium 

pumps in colon and gastric cancer cells. Induction of SERCA3 expression during 

differentiation. The journal of Biological Chemistry 277 (29), 26310-26320 

 

32. Launay S, Giannì M, Diomede L, Machesky LM, Enouf J, Papp B. (2003) 

Enhancement of ATRA-induced cell differentiation by inhibition of calcium accumulation 

into the endoplasmic reticulum: cross-talk between RAR alpha and calcium-dependent 

signaling. Blood 101(8), 3220-3228 

 

33. Papp B, Brouland JP. (2011) Altered Endoplasmic Reticulum Calcium Pump 

Expression during Breast Tumorigenesis. Breast Cancer: Basic and Clinical Research 

5, 163-174 

 

34. Skoetz N, Kluge S, Monsef I, Bauer K, Siebert H, Kreuzer KA, Engert A. (2011) 

Twelfth biannual report of the Cochrane Haematological Malignancies Group-focus on 

tyrosine kinase inhibitors. Journal of the National Cancer Institute 59(8), 555-61 

 

35. Skoetz N, Bauer K, Elter T, Monsef I, Roloff V, Hallek M, Engert A. (2012) 

Alemtuzumab for patients with chronic lymphocytic leukaemia. Cochrane database of 

systematic reviews (online) 2,CD008078.  

 



50 
 

36. Zelent A, Petrie K, Chen Z, Lotan R, Lübbert M, Tallman MS, Ohno R, Degos L, 

Waxman S. (2005) Molecular target-based treatment of human cancer: summary of the 

10th international conference on differentiation therapy. Cancer research  65(4):1117-

23. 

 
37. Borden EC, Lotan R, Levens D, Young CW, Waxman S. (1993) Differentiation 

therapy of cancer: laboratory and clinical investigations. Cancer research 53(17):         

4109-15. 

 

 


