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2. Introduction 

2.1. Skin Cancer - Melanoma  

 Cancer is a complex type of disease where cells acquire the ability to proliferate 

indefinitely and form a tumor. It starts to form as a result of re-modifying existing cellular 

processes involved in cell growth, cell death, polarity, differentiation, motility and migration 

[1].  

 Metastasis is responsible for 90% of cancer death where cells disseminate from their 

primary site to distal sites after invasion through the basement membrane (BM) and migrating 

through blood/lymphatic vessels (Figure 1) [2]. Therefore, understanding the mechanisms 

underlying this process and the genes involved will allow to control or even prevent cancer 

metastasis.  

 

Figure 1. Overview of cancer metastasis [2]. Metastatic cancer cells detach from their 

primary site, invade the BM, intravasate and travel through the blood/lymphatic vessels, 

extravasate and finally settle down in a secondary site and self-proliferate. 

 

 Skin cancer is the most prevalent type of cancer in light-skinned population and regions 

of lower latitude as Australia, North America, North Europe and New Zealand. The incident 

rates vary with different ethnicity, geographical location, and even within the population 

according to age and gender. Around 20-30% of skin cancer are diagnosed in Caucasians and 

much less diagnosed in Asians (2–4%), blacks and Asian Indians (1–2%) [3]. 
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 Skin cancer is divided into melanoma and non-melanoma skin cancers (NMSCs). A 

benign and less aggressive type of skin cancer was observed with NMSCs compared to more 

aggressive and higher mortality rates in melanoma type of skin cancer [4]. Malignant 

melanoma contributes to >80% of skin cancer-related deaths although it accounts for only <1% 

of the cases [5]. In 2018, melanoma was reported as the 5th most common cancer in the United 

State with > 9000 melanoma-related deaths [6]. In many European countries, melanoma rates 

are found to double every decade and it may become the fourth most common cancer in the 

near future [7]. Generally, patients who are diagnosed with melanoma at a young age, are 

females, and have melanoma on their extremities have a better prognosis [8]. 

2.1.1. Pathological imbalance and melanoma development  

Typically, skin is divided by a basement membrane into two layers, the epidermis and 

dermis. The upper epidermis layer constitutes multi-layered keratinocytes, which are 

constantly renewed by differentiation of basal cells and act as a primary barrier towards the 

outer environment. On another hand, the lower dermis layer constitutes fibroblast and blood 

vessels that are essential to provide the required mechanical and nutrient support. Pigment 

producing-neural crest-derived cells called melanocytes reside at the junction between the two 

layers are responsible for skin color. Each melanocyte contains melanin filled-melanosomes 

that are transferred through its dendrites to 36 adjacent keratinocytes for pigment induction. 

The darker the skin the more melanosomes are present. Melanin caps protect the nucleus of 

the keratinocyte from damage by ultraviolet radiation (UVR). Melanocyte proliferation, 

morphology and surface antigen expression are controlled by the undifferentiated 

keratinocytes. Normally, no melanoma proliferation is detected in situ [9], however, 

melanoma arise from malignant transformation of the melanocyte where it becomes no longer 

responsive to keratinocyte and this loss of homeostasis between melanocyte and keratinocyte 

results in a pathological imbalance in the skin. In contrast to normal melanocytes, melanoma 

cells start to lose their dendrites and contact with keratinocytes, proliferate rapidly and start 

to express melanoma-associated antigens (MAA) that are essential for invasion and metastasis 

[10]. Besides MAA, other tumor-associated antigens were discovered in melanoma cells that 

can be utilized as a therapeutic target.  

For melanoma progression, malignant melanoma cells first start with the radial growth 

phase where cells proliferate and invade the dermis locally. The second phase includes vertical 

growth where cells grow vertically into subcutaneous tissue forming tumors. If this tumor is 

not resected the possibility of metastasis increases [11].  

2.1.2. Melanoma etiology 
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The main environmental risk factor for the development of cutaneous melanoma is 

exposure to UVR resulting in induction of genetic mutations and DNA damage [4]. Sequencing 

the entire genome of melanomas showed nearly 80,000 bases mutated (mostly transition 

mutation: C>T) and around 100 structural rearrangements per one genome. Actually, 

melanoma has the highest mutational rate in all cancers [12].  The mutational landscape of 

melanoma showed that many of the oncogenic mutations are involved in the constitutive 

activation of mitogen-activated protein kinase (MAPK) pathway. Normally this pathway is 

stimulated by the binding of a ligand (e.g. epidermal growth factor (EGF), insulin-like growth 

factor (IGF)) to a receptor tyrosine kinase in the plasma membrane, which activates 

downstream proteins including small GTPase RAS proteins (HRAS, KRAS, NRAS), serine-

threonine RAF kinases (ARAF, BRAF, CRAF), MEK kinases, ERK1 and ERK2. In the end, 

ERK protein enters the nucleus and activates the transcription factor ELK-1 that is 

responsible for cell growth and survival [13]. Activation of this pathway was also found to 

change the expression of several proteins involved in the migratory process [14]. In the case of 

cutaneous melanoma, nearly half of the mutations are in BRAF kinase at the codon 600 and 

90% of them are substitution mutation from glutamic acid to valine (BRAFV600E) [15].  Ras 

genes were also found mutated mainly at codons 12, 13 and 61 accounting for 15-20% of 

melanoma cases.  Tumor suppressor genes were also reported to be affected in melanomas by 

either loss-of-function such as NF1, TP53, or CDKN2A or by inactivating mutations as in 

PTEN that lead to activation of the PI3K/Akt/mTOR pathway. 

In other subtypes of melanoma other driver mutations were reported. For example, 

mucosal melanoma showed activation mutations or amplification of c-KIT tyrosine kinase 

receptor in about 25% of the cases [16] while mutations in the G-protein subunit were one of 

the driver mutations found in uveal melanoma [17]. 

Other signaling pathways were reported active in melanoma and found to interplay with 

MAPK pathways such as p38 MAPK [18], c-Jun N-terminal kinase (JNK) [19] and nuclear 

factor-kappa B (NF-κB) [20] leading to melanoma cell proliferation, migration and metastasis.  

2.1.3. Melanoma treatment 

 Melanoma early diagnosis and treatment are essential for an increase in survival rate. 

At the early localized stage (0-II and resectable stage III), surgical removal of the lesion has a 

5-year survival rate of 98%, however, once melanoma is developed and become regional or 

metastasize (unresectable stage III and IV), surgery treatment is not an option and the survival 

rate drops to 63% and 15%, respectively [21].   
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During the past decades, a significant advance in the treatments of melanoma has been 

developed especially for patients diagnosed with late-stage metastatic type of melanoma. 

Treatments included chemotherapy, immunotherapy, targeted therapy, or even combinations 

[22]. 

2.1.3.1. Chemotherapy treatment 

The first standard care for treatment with metastatic melanoma was the administration 

of chemotherapeutic agent dacarbazine (DTIC) and a high dose of interleukin 2 (IL-2) that 

resulted in less than 10 months median overall survival [23]. Despite these treatments, late-

stage melanoma still was associated with poor prognosis, therefore, in the last decade, many 

efforts have been made to understand the molecular background underlying melanoma 

development and metastasis to help identify new therapeutic targets.  

2.1.3.2. Targeted therapy treatment 

Several inhibitors have been developed or undergoing clinical trials against melanoma 

biomarkers (Table 1). As the main driving force of melanoma progression is the constitutive 

activation of the MAPK signaling pathway, specific inhibitors have been developed against 

BRAF and MEK kinases. FDA has approved three combinations of BRAF/MEK inhibitors for 

the treatment of an unresectable type of melanoma (dabrafenib and trametinib; vemurafenib 

and cobimetinib; encorafenib and binimetinib) [22]. These treatments showed high response 

and have increased the survival rate to around 16 months, however, although of this increased 

efficacy the treatment was limited by the development of drug-resistance in the melanoma 

patient after few months from treatments (relapse within 7 months) and nearly 10% did not 

respond at all (intrinsic resistance) [24,25].  

Several molecular mechanisms have been suggested for the lack of response to these 

targeted inhibitors including mutational, non-mutational, or changes in the tumor 

microenvironment. For example, mutations in RAS, NF1, receptor tyrosine Kinases (RTKs), 

MEK1, changes in BRAF itself by having a splice variant that unable to bind to RAS, or 

reactivation of ERK by inhibiting the expression of the phosphatase DUSP6 (an inhibitor and 

regulator of ERK activity) in melanoma have resulted in resistance to inhibitors treatments and 

constitutive activation of MAPK pathway [7].  

Other molecular alternatives driving resistance are the activation of parallel signaling 

pathways, such as the activation of the PI3K/AKT/mTOR pathway by deletion/inactivating 

mutations of the negative pathway regulator and tumor suppressor PTEN or the inactivation of 

the tumor suppressor retinoblastoma 1 (RB1) to decrease the requirement for BRAF/MEK 

signaling [26]. The discovery of these contributing signaling pathways provides new rationales 
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of second-line therapies, as demonstrated by the success of combinations of MAPK and 

PI3K/AKT/mTOR pathway inhibitors to overcome acquired resistance to monotherapy 

targeting BRAF alone [27]. 

Non-mutation mechanisms including up-regulation of RTKs or increasing its soluble 

ligands or growth factors were also described in acquiring resistance in melanoma. Increased 

hepatocyte growth factor (HGF) expression, for example, is a poor prognostic factor in 

melanoma [28] 

As an example of environmental factors in inducing resistance in melanoma is the HGF 

secretion by the stromal cells as a result of an extrinsic non-cell autonomous signal ([28]).  

In the case of NRAS mutant melanoma patients, the combination of MEK inhibitors 

with either PI3K-AKT or cyclin-dependent kinase 4/6 (CDK4/6) inhibitors were reported more 

efficient than MEK inhibitor monotherapy [29] while in the case of c-KIT mutant melanoma 

patients, C-KIT inhibitor (Imatinib) showed good response rates [30].  

For patients with melanoma recurrence after surgery (unresectable cutaneous, 

subcutaneous and nodal lesions), FDA has approved local treatment with oncolytic herpes virus 

talimogene laherparepvec (T-VEC) [31]. 

Table 1. Biomarkers identified in melanoma as therapeutic targets [32]. 

Gene Incidence comments 

BRAF 40-60% Correlated with response to BRAF-

targeted therapies. Has led to FDA 

approval of amplification and 

sequencing technologies, and multiple 

laboratory tests to assess BRAF 

mutation status 

NRAS 20% Correlated with response to MEK 

inhibitors 

C-KIT 3% of melanoma; 20-30% 

melanomas arising from (CSD) 

skin, acral and mucosal sites 

Kit-inhibitors have shown activity in 

patients with specific mutations 

GNAQ 80% of uveal melanoma MEK inhibitor failed to show efficacy in 

Phase III trials 

NF1 46% of cases with BRAF and 

NRAS wild type 

Early clinical trials 

PTEN 25-30% Implicated in mechanism of resistance 

to MAPK inhibition 

CDK2 11% Early clinical trials 

  Many new therapeutic targets were reported in the literature as a candidate to overcome 

the drug resistance developed in metastatic melanoma, however, still, clinical trials are needed 

to prove their efficacy [33,34]. 
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2.1.3.3. Immunotherapy treatment  

 In the last few decades advancement in immunology and cancer biology research 

caused landmark change in treating patients with metastatic melanoma by identification novel 

therapeutic targets that elicit anti-tumor immunological response such as checkpoint inhibitors 

or T-cell programmed death receptor/ligand inhibitors [22].  

Tumor cells are usually eradicated by immune cells through the recognition process 

between T-cell receptor (TCR) and the antigen presented by major histocompatibility complex 

(MHC) on the antigen-presenting cells (APC). However, this binding is influenced by many 

factors that determine T-cell activation or anergy [22]. The co-stimulatory signal induced by 

binding of B7 (CD80, CD86) on the APC with CD28 on the T-cell is required for T-cell 

activation, proliferation and production of growth cytokines IL-2, however, competitive 

binding of cytotoxic T-lymphocyte associated antigen 4 (CTLA-4) checkpoint molecule 

(which mimic CD28 and has a higher affinity toward B7) to B7, results in inhibition of this 

stimulatory signal. CTLA-4 can stop the autoreactive T-cell at the initial activation stage in 

lymph nodes [35].  However, at later stages in peripheral tissues, T-cell is regulated by T-cell 

receptor programmed death 1 (PD-1) receptor and the PD-1 ligand PD-L1 pathway. Similar to 

CTLA-4, PD-1 binding to its ligands (PD-L1 and PDL-2) expressed on cancer cells negatively 

regulate T-cells by preventing phosphorylation of TCR intermediates which results in 

inhibition of T-cell proliferation and production of IL-2 or tumor necrosis factor-alpha (T-cell 

dysfunction) [36]. These findings led to trials on antibodies developed against CTLA-1 

(ipilimumab) and PD-1 (pembrolizumab and nivolumab) as therapeutic targets. In patients with 

cutaneous melanoma, trials showed promising results with a 5-year overall response as shown 

in Table 2 [22]. 

Table 2. Immunotherapeutic drugs for treating patients with cutaneous melanoma and 

their overall survival (OS) rates [22]. 

                                     Approved drug or combination 5 year OS rate 

Check point 

inhibitors 

Pembrolizumab (first line) 43.3% 

Nivolumab (first line) 44% 

Ipilimumab (first-line) 26-33% 

Ipilimumab + nivolumab (first-line) 52% 

Other immunotherapies were utilized including adoptive T cell therapy where tumor- 

specific T-cells are isolated, ex-vivo expanded and then infused back to the patient to target 
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cancer cells. However, variability in the response per patient and even in different cancer types 

and development of acquired resistance led to searching for new treatments.  

   

2.2. Ca2+ signaling in health and disease 

 Calcium ion (Ca2+) is a chemical element that is essential for the physiology and 

biochemistry of living organisms. It is involved in most biological functions and therefore its 

concentration is tightly controlled. At the level of organs, Ca2+ acts as the building block for 

bone formation (main mineral storage site) where it can be released under controlled conditions 

from bone into blood vessels as a dissolved ion or as bound to serum albumin.  At the level of 

tissue, Ca2+ compartmentalization maintains the membrane potential in excitable tissues such 

as neuron and cardiac tissues. It is also reported to be involved in muscle contractions. While 

at the cellular level, Ca2+ acts as a second messenger that results in activating certain signaling 

pathways involved in several processes such as apoptosis, proliferation, cell division, 

differentiation, migration, or metastasis.  Therefore, any alteration in Ca2+ signaling or 

homeostasis may trigger a wide range of diseases involved in neuron degeneration, fertility, 

metabolism, immunity and cancer formation [37,38]. Understanding how remodeling of Ca2+ 

ion can control such processes may allow a better understanding of the disease development, 

enable finding new potential therapeutic targets and identifying new biomarkers. 

    

2.3. Molecular toolkit for maintaining cellular Ca2+ homeostasis 

 Ca2+ homeostasis is essential for proper cell functioning and it is tightly controlled 

through cell type specific toolkits.  Normally, at resting state Ca2+ concentration is substantially 

different across the plasma membrane, its intracellular concentration is around 100 nM 

compared to its 10 thousand higher concentration (more than 1 mM) in the extracellular milieu 

(Figure 2) [39]. This large free Ca2+ concentration difference requires a lot of energy that is 

maintained by cells to prevent accumulation of cytotoxic calcium phosphates, and to allow 

only transient spatiotemporal increase in Ca2+ concentration for initiating signaling pathways 

or changing specific Ca2+ mediators for a specific function [40]. To control intracellular 

calcium concentration a specific composition of the toolkit is used by the cell that changes 

depending on the cell fate or in response to changes in the extracellular environment.  This 

toolkit includes Ca2+ buffers, channels, pumps and exchangers. Ca2+ channels are known to 

allow entry of Ca2+ from the extracellular milieu into the cell (influx) or from the Ca2+ stores 

inside the cell such as the mitochondria and endoplasmic reticulum to the cytosol. Whereas, 

pumps and/or exchangers allow removal of Ca2+ out of the cell (outflux) or into the Ca2+ stores 
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for maintaining low cytosolic Ca2+ concentration level. The buffering system, where free 

intracellular Ca2+ ion  is chelated by Ca2+ binding proteins or acidic lipids, is another tool to 

maintain low free intracellular Ca2+ concentration [41]. Ca2+ signaling toolkit proteins exist in 

many different isoforms, and their combination can generate distinct Ca2+ signaling patterns 

ranging from single spikes to high-frequency oscillations. The location, amplitude and 

frequency of the Ca2+ transients determine the type of Ca2+-dependent proteins affected and 

hence the cellular process activated [42]. 

 Any abnormalities in the expression, regulation, stability/subcellular localization and 

activity of toolkit proteins result in altered Ca2+ spatiotemporal and steady-state homeostasis, 

which can induce the hallmarks of tumorigenesis and metastasis. Ca2+ homeostasis might not 

be the driving cause of cancer formation but rather the consequence, nevertheless, they help to 

sustain cancer hallmarks [43].  

 

Figure 2. The molecular toolkit involved in Ca2+ homeostasis [39]. Schematic diagram 

showing Ca2+ channels responsible for Ca2+ entry (influx) from extracellular milieu or internal 

stores and transporters or exchangers responsible for Ca2+ removal (outflux) from the cytosol. 

 

2.3.1. Intracellular calcium level increasing toolkit  

 In normal eukaryotic cells, several Ca2+ transport systems allow controlled increase in 

cytosolic Ca2+. They are mainly channels that allow Ca2+ influx from the extracellular space of 

the cell by exploiting the electrochemical gradient across the plasma membrane or those that 

allow Ca2+ release from internal stores at specified space and time as a response to a particular 

stimulus. Ca2+ entry generate spikes/waves that last from microseconds to hours as in the case 

of exocytosis and fertilization of mammalian oocyte, respectively [44].  

2.3.1.1. Plasma membrane Ca2+ entry channels  



16 
 

 In literature, several types of Ca2+ channels have been identified that can be classified 

according to their gating property: 

 Voltage-operated channels (VOCs) are sensitive to any changes in the net electric 

charge produced across the plasma membrane. For example, it opens and allows Ca2+ influx 

upon depolarization. These are mainly found in excitable cells and involved in synaptic vesicle 

fusion or muscle contraction. This family consists of three groups: Cav1 (L-type channels), 

Cav2 (N-, P/Q and R-types) and Cav3 (T-type channels) [45].  

 Receptor-operated channels (ROCs) are ion channels that can be activated by binding 

specific ligand from the extracellular space, for example, glutamate, acetylcholine or ATP. This 

type includes the transient receptor potential (TRP) ion channel and P2X receptors. The former 

is mainly involved in sensory perception, cell growth and smooth muscle 

relaxation/contraction, while the later are gated by ATP and glutamate receptors [46,47]. 

 Second-messenger-operated channels (SMOCs) can be activated by binding to second 

messengers in the cytosol, for example, arachidonic acid-regulated Ca2+ (ARC) channel, TRPC 

sensitive to diacylglycerol (DAG) and cyclic nucleotide-gated channels (CNGCs) [48].   

 Store-operated channels (SOCs) are sensitive to the intracellular Ca2+ store filling status 

of the sarco- or endoplasmic reticulum (ER), where they can sense Ca2+ depletion. Once the 

phosphoinositide pathway is activated Ca2+ is released from the ER through channels operated 

by inositol 1,4,5-trisphosphate (IP3) or ryanodine receptors. Most of the Ca2+ can re-enter the 

ER through the sarco-endoplasmic reticular Ca2+ ATPases (SERCAs), while some are extruded 

out of the cell through the plasma membrane Ca2+ ATPases (PMCAs). Therefore, to replenish 

Ca2+ depleted from the ER SOC activates the store-operated Ca2+ entry (SOCE) pathway that 

maintains intra ER free Ca2+ level at the micromolar concentration range. This pathway is 

considered one of the main pathways in both non-excitable and excitable cells for Ca2+ entry 

and it was first reported by James W. Putney in the 1980s [49].  

 One of the SOC protein members is called STIM protein (stromal interacting molecule) 

that act as a transmembrane Ca2+ sensor in the ER membrane through its EF-hand domain at 

the luminal side. These proteins can sense intraluminal Ca2+ depletion in the ER and move to 

ER-PM juxtaposition to activate SOC through oligomerization allowing Ca2+ entry from the 

extracellular milieu. The pore-forming ORAI protein family (e.g. ORAI1, ORAI2 and ORAI3) 

and some of the TRPC channels can act as SOCs. These two differ in the mode of STIM1-

dependent gating. In the case of ORAI, STIM1 binds to ORAI1 directly through its calcium 

release-activated calcium (CRAC)-activating domain (CAD) and activates it while in the case 
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of TRPC, the polybasic domain in the C-terminus of  STIM1 activates TRPC1 through 

electrostatic interactions leading to SOC channel activation [50].  

2.3.1.2. Internal store Ca2+ release channels  

 The main Ca2+ stores in the cells are the endoplasmic reticulum ER/SR, mitochondria 

and Golgi apparatus. Once the cell surface receptors such as G-protein-coupled receptors 

(GPCRs) or receptor tyrosine kinase-linked receptors (RTKRs) are stimulated by binding to 

their ligands, hormones, growth factors or ATP, IP3 is produced from phosphatidylinositol 4,5-

bisphosphate (PIP2) through phospholipase C (PLC) activation. IP3 acts as a second messenger 

and activates the inositol 1,4,5-trisphosphate receptors (IP3Rs) at the ER membrane in non-

excitable cells. This activation results in quick release of Ca2+ from the stores to the cytoplasm. 

IP3R can also be activated by Ca2+ itself until it reaches 300 nM in the cytoplasm and causes 

receptor Ca2+ release inhibition [42]. In excitable cells, Ca2+ is released from the sarcoplasmic 

reticulum by ryanodine receptors (RYRs).  RYRs can be activated by the L-type Ca2+ channel 

or through increasing Ca2+ concentration in the cytoplasm, and this mechanism is called Ca2+ 

induced Ca2+ release (CICR) [51]. 

 Mitochondria also participate in intracellular Ca2+ homeostasis. They can be recruited 

to the newly formed CRAC channels and provide SOCE-regulatory activity. In addition, Ca2+ 

can be extruded from mitochondria lumen into the cytosol via the Na+/Ca2+ exchange solute 

carrier family 8 member B1 (SLC8B1, known as NCLX) and the H+/Ca2+ antiporter [52,53]. 

 In the Golgi apparatus, maintaining luminal Ca2+ concentration is important for the 

regulation of Golgi function. The Ca2+ can be stored in the Golgi lumen up to 0.3 mM 

concentration in unstimulated cells forming a large gradient to that of the cytosol. Similarly, 

but independent of ER Ca2+ stores, Ca2+ can be released from Golgi through activation of IP3R 

located on their membrane by a high level of cytosolic IP3 [54].  

 Other channels were also found to be involved in adjusting cytosolic Ca2+ levels. An 

increase in cytosolic Ca2+ level occurs as a result of phosphatidylinositol 3,5-bisphosphate 

(PI(3,5)P2) and reactive oxygen species (ROS) production in the cell and consequent opening 

of the PI(3,5)P2 and ROS-sensitive lysosomal Ca2+ channel mucolipin 1 (MCOLN1, also 

known as TRPML1) and the two pore segment channel 2 (TPCN2). [55]. 

2.3.2. Intracellular calcium level decreasing toolkit 

 The lowering of Ca2+ in the cytosol to its basal level against its concentration gradient 

is an energy-consuming process and the main ATP-dependent Ca2+ extrusion systems are the 

plasma membrane Ca2+ ATPases (PMCAs), the sarco-endoplasmic reticular Ca2+ ATPases 

(SERCAs) and secretory pathway Ca2+ ATPases (SPCAs). PMCA can remove Ca2+ from 
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cytosol to the extracellular space while SERCA and SPCA reduce Ca2+ level in the cytoplasm 

by accumulating it in the ER and the Golgi lumen, respectively. These transporters have high 

Ca2+ affinity and low transport capacity. The other Ca2+ extrusion system is the plasma 

membrane Na+/Ca2+ exchanger (NCX). Balancing Ca2+ in the cytosol relay also on 

mitochondria Ca2+ uniporters (MCUs) that allow Ca2+ entry into mitochondria. Both NCX and 

MCUs have high capacity for Ca2+ transport but low Ca2+ affinity [56] 

 Organelles such as lysosomes can act as Ca2+ stores, however, they are not compared 

to the Ca2+ stores in ER in terms of quantity. The source of Ca2+ can be either from vesicular 

trafficking/endocytosis of extracellular Ca2+ rich space or from those coming from Ca2+/H+ 

exchangers. [55].  

2.3.2.1. Na+/Ca2+ exchangers (NCX) 

 This type is mostly available in excitable cells such as the cardiac and skeletal muscle 

cells and cells of the nervous system. These transporters have high transport capacity to remove 

Ca2+ from the cytosol to the outside space that is needed for proper cell function such as cardiac 

excitation-contraction coupling, re-absorption of Ca2+ in the kidney and neuronal signaling. 

NCX can sense Ca2+ as it reaches micromolar concentration and they use the transmembrane 

electrochemical gradient of sodium across the cell to extrude Ca2+ to the extracellular space 

(one Ca2+
out to three Na+

in) [57]. The activity of these proteins can be affected by the 

concentration of Ca2+ and Na+ in the cytoplasm. A high concentration of Ca2+ in the cytosol 

activates the exchanger whereas a high concentration of Na+ de-activates it. NCX activity also 

can be regulated by interaction with other proteins through changing the NCX localization and 

recruiting it to a certain region in the plasma membrane to be part of the macromolecular 

complex [56]. 

 NCX belongs to the family solute carrier 8 (SLC8) and it includes three proteins, 

NXC1, NCX2 and NCX3. NCX1 is cloned from the heart with the highest expression in the 

brain and kidney while NCX2 and NCX3 are expressed in skeletal muscles, brain and some 

neuronal populations [57]. 

2.3.2.2. Mitochondrial calcium uniporter (MCU) 

  Mitochondria Ca2+ uptake controls certain functions such as ATP production, however, 

Ca2+ overload may induce cell death, therefore, Ca2+ uptake is tightly controlled. Ca2+ entry to 

mitochondria lumen requires first Ca2+ to cross the outer mitochondrial membrane (OMM) via 

voltage-dependent anion channel (VDAC) family (VDAC1, VDAC2 and VDAC3) and then to 

enter the mitochondria matrix through MCU. The MCU itself is regulated positively by 

mitochondrial calcium uniporter regulator 1 (MCUR1) and negatively by mitochondrial 
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calcium uptake 1 (MICU1). The activity of the MCU increases when there is a high Ca2+ 

concentration in the entire cytosol or locally when it is in close proximity to the ER where Ca2+ 

is released by IP3R or RYR [58].   

2.3.2.3. Ca2+ buffering system 

Ca2+ buffering is another tool for controlling intracellular organelle Ca2+ stores available 

for Ca2+ signaling, protein folding, apoptosis and in the regulation of Ca2+ release pathways. Ca2+ 

buffers are variable calcium-binding proteins that have different affinities and capacities toward 

Ca2+ [59]. 

In ER, the total calcium is around 1 mM while the free Ca2+ is around 200 µM leaving 

the remaining Ca2+ in a bound form. Calreticulin is the Ca2+ binding protein in the ER that is 

responsible for 50% of the Ca2+ buffering capacity in non-muscle cells while calsequestrin is the 

main Ca2+ buffering protein available in the SER of muscle cells [60]. Calsequestrin was found 

to interact with RYR in SER depending on its luminal Ca2+ concentration.  This interaction 

affects RYR by increasing or decreasing its activity in different tissues, e.g. when the Ca2+ level 

in the SR is at resting state, calsequestrin can inhibit RYR1 or activate the RYR1 and RYR2 in 

skeletal and cardiac muscle, respectively [61].    

In the Golgi apparatus, Ca2+ is stored in the millimolar range and there are several proteins 

that act as Ca2+ buffers. The major buffer protein is nucleobindin (CALNUC) that has some 

homology to calreticulin [59].  

In the mitochondria, Ca2+ was found precipitated out as CaPO4. Mitochondria itself can 

act as a buffer as it takes the Ca2+ released from the ER lumen. The interaction between the ER 

and mitochondria was reported to be involved in cell death [62].   

 Ca2+ buffering was also have been reported to be available in the cytoplasm such as 

calretinin, calbindin-D9k, calbindin-D28k and parvalbumins. Some of these proteins showed 

Ca2+ sensor function [63]. 

 2.3.2.4. Ca2+ transport ATPases 

Three Ca2+ ATPases - SPCAs, SERCAs and PMCAs - are involved in removing Ca2+ 

from the cytosol and lowering it to its basal level. These pumps belong to a large family called 

P-type ATPase (E1-E2 ATPases). It is a large group of ion and lipid pumps and its name 

originated from their ability to auto-phosphorylate (P) a conserved aspartate residue 

intermediate within the pump during the enzymatic cycle by utilizing ATP to translocate ions 

across the plasma membrane against their concentration gradient. The activity of this type of 

pump is essential for many processes such as muscle contraction, generation of membrane 

potential and getting rid of toxic ions from the cells. P-type ATPases are phylogenetically 
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subdivided into five subfamilies based on conserved sequence kernels (P1-P5), the type of 

ligands transported and the way of regulation. This family shares a similar structure with ten 

transmembrane helices (M1-M10) and conserved regions between 2nd-3rd and 4th-5th domains 

at the cytoplasmic side [64].  

2.3.2.4.1. Secretory pathway Ca2+ ATPases (SPCAs) 

 SPCA is a Ca2+ pump found in the Golgi apparatus that has a high affinity for Ca2+
.  It 

is responsible for Ca2+ and Mn+ homeostasis in both Golgi and distal parts of the secretory 

pathway, and this is important for the production and processing of proteins for secretion.  

There are two SPCA isoforms encoded by two genes ATP2C1 (SPCA1) and ATP2C2 (SPCA2). 

As a result of alternative splicing, SPCA1 has four variants (a, b, c, d). SPCA1 is more 

ubiquitously expressed while SPCA2 expression is more restricted to distinct tissues such as 

brain, salivary gland, gastrointestinal tract, thyroid gland, trachea, keratinocyte, prostate, testis, 

thyroid and mammary gland. It was shown that SPCA pumps are involved in providing Ca2+ 

in lactating mammary gland milk. It was reported that SPCAs are not involved in basal Ca2+ 

spiking but their loss reduce Ca2+ oscillation frequency [65,66].  

2.3.2.4.2. Sarco-endoplasmic reticular Ca2+ ATPases (SERCAs) 

 The endoplasmic reticulum (ER) is a vital organelle for lipid and protein synthesis and 

for proper protein folding. ER is the main Ca2+ store of the cell and SERCA is the predominant 

pump responsible for its Ca2+ homeostasis. Any imbalance in Ca2+ homeostasis was found to 

result in improper protein folding leading to ER stress and Ca2+ uptake by mitochondria that 

eventually can lead to pro-apoptotic activation and cell death. Therefore, SERCA activity is 

tightly regulated in the cell to maintain 100-800 µM concentration of Ca2+ in the ER lumen 

compared to 100 nM concentration in the cytosol especially after Ca2+ transients. SERCA can 

be found in 12 different isoforms as a result of alternative splicing of three different genes 

ATP2A1, ATP2A2 and ATP2A3 giving rise to proteins named SERCA1(a-b), SERCA2(a-d), 

SERCA3(a-f), respectively. The expression of SERCA is tissue-dependent e.g. SERCA1a is 

mainly expressed in striated muscle while SERCA2a is prevalent in smooth muscle, cardiac 

muscle and non-muscle tissues. SERCA2b has a housekeeping function and is expressed 

ubiquitously, in many tissues together with SERCA3. SERCA3 differs from SERCA1 and 2 in 

that it has five-fold lower affinity for Ca2+ [67]. 

 SERCA1 isolated from rabbit skeletal muscle was the first crystalized P-type ATPase. 

SERCA is a 110 kDa protein with 10 transmembrane helices and three cytosolic globular 

domains including the nucleotide-binding (N) domain for ATP binding, the phosphorylation 

(P) domain for aspartate residue phosphorylation and the actuator (A) domain to coordinate the 
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movement between the N and P domains. It has two Ca2+ binding sites between the M4-M5 

and M6-M8 helices that allow entry of two Ca2+ to the ER lumen after ATP hydrolysis. 

Crystallographic studies showed that SERCA has two conformations E1 and E2. The 

enzymatic cycle includes activation of E1 state by binding of two Ca2+ followed by auto-

phosphorylation utilizing ATP resulting in a conformational change and transition to the E2 

state where Ca2+ is facing the ER luminal side. After the release of these two Ca2+ ions into the 

ER lumen and the phosphorylated intermediate becomes dephosphorylated, the pump returns 

to its E1 state. During this stage, 2-3 protons are transported in the opposite direction (Figure 

3) [68].  

 

Figure 3. Schematic diagram of SERCA E1/E2 enzymatic cycle [68]. 

  

Endogenously SERCA is tightly regulated by controlling its expression or its activity 

level. SERCA can be inhibited by micropeptides such as phospholamban (PLN), myoregulin 

(MRLN), another-regulin (ALN), endoregulin (ELN) and sarcolipin (SLN) or it can be 

activated through long noncoding RNA called dwarf that can displace the micropeptide 

inhibitors. In vitro inhibition of SERCA is possible with thapsigargin [69]. 

 

2.3.2.4.3. Plasma membrane Ca2+ ATPases (PMCAs) 

 PMCAs are key transporter mechanisms for maintaining low basal free Ca2+ 

concentration in the cytoplasm by utilizing one ATP for each Ca2+ efflux. It was first discovered 

as an ATP-dependent active Ca2+ pump of the erythrocytes [70]. Later, using gel filtration 

chromatography, Wolf and his co-workers were able to partially purify a ~140 kDa protein 

from the erythrocyte membrane solubilized with detergent [71].  

 Mammals have four PMCA genes (ATP2B1-4) that are positioned on four different 

chromosomes (12, 3, X and 1) and encode for four protein isoforms PMCA1-4. As a result of 

alternative splicing at two splice sites named A and C, each gene has several transcript variants 
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(total over 30 variants), which are expressed in a tissue and developmental stage specific 

manner (Figure 4) [72].  

 

Figure 4. Schematic representation of PMCA structure (Top) and of the four PMCA 

genes with their splicing alternatives (bottom) [72]. The PMCA structure shown in the top 

consists of ten transmembrane domains (M domain) with amino (N) and carboxy (C) termini 

localized to the cytosolic side. It has two intracellular loops that contain three domains: A 

(actuator), N (nucleotide-binding) and P (phosphorylation). Arrows show the two splice sites 

A and C. ATP binding site (ATP) and aspartate (Asp) residue were labeled.  At the C-terminus, 

both splice site C and CaM binding domain (CaM-bdg)-regulatory site are shown. Below 

represent the exons of all four PMCA genes showing the position of alternative splicing at A 

and C splice sites. 

 

 PMCA shares similar mechanical properties to SERCA including high affinity to Ca2+ 

(Km range: 0.2-0.5 µM) and formation of an aspartyl phosphate intermediate during the enzyme 
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cycle. PMCA differs from SERCA in that it can transport one Ca2+ ion instead of two per one 

ATP hydrolyzed [73]. Structurally, similar to SERCA, PMCA contains 10 transmembrane 

domains (M domain), three cytosolic domains A, N and P, two intracellular loops and a C-

terminal regulatory region (Figure 4). The N-terminus in PMCA protein composed of 90 

residues and has a consensus binding site for 14-3-3 protein. The small loop between the second 

and third domains forms the A domain that contains a site for binding to acidic phospholipids, 

catalytic site for interaction with auto-inhibitory calmodulin (CaM)-binding motif and site A 

where an alternative splicing can occur generating several PMCA variants (x, w, z). The 

catalytic domain of this pump is located in the second loop between transmembrane helices 4 

and 5 and it contains three sites: the ATP binding site (N-domain), a catalytic site with the 

aspartate residue for phosphorylation (P-domain) and another site for interaction with the auto-

inhibitory CaM-binding sequence. The C-terminal regulatory region of the PMCA contains the 

following sites: a calmodulin-binding sequence motif (CBS), splice site C (PMCA variants a 

and b) that overlap with CBS, protein kinase A and C (PK) phosphorylation sites, an acidic 

phospholipid binding site, a caspase cleavage site and a PDZ binding motif [74].  

2.3.2.4.3.1. PMCA isoforms and tissue distribution 

 The tissue distribution of PMCA isoforms and their variants produced by alternative 

splicing at both A and C sites is summarized in Table 3. PMCA1xb and PMCA4b are expressed 

ubiquitously. The other variants of PMCA1 are expressed in the brain and skeletal muscles 

while for PMCA4 heart and smooth muscle are the main expression sites. PMCA2 and PMCA3 

are expressed in excitable cells. PMCA2 variant w/a is expressed in vestibular hair cells while 

PMCA2 variant w/b is expressed in the lactating mammary gland [72].  

Table 3. PMCA isoforms and variants showing major sites of tissue expression [72]. 

Isoform Alternative 

splice variants 

Tissue distribution 

PMCA1 x/a Brain 

x/b Ubiquitous; lung;  small intestine; kidney 

x/c Skeletal muscle, heart 

x/d Skeletal muscle 

x/e Brain 

PMCA2 

 

w/a Brain; cochlear outer hair cells 

x/a Brain; hippocampal presynaptic terminals 

z/a Brain; excitable tissue 

w/b Brain; lactating mammary epithelial cells; 

pancreas (β-cells) 

x/b Brain; cerebellar Purkinje cells; spinal cord 

z/b Brain; excitable tissue 

x/a Brain; spinal cord 
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PMCA3 z/a Brain; pancreatic (β-cells) 

x/b Brain; adrenal gland; skeletal muscle 

z/b Brain 

PMCA4 x/a Smooth muscle; bladder; uterus; heart 

z/a Smooth muscle; heart 

x/b Ubiquitous; heart; kidney  

z/b Heart 

x/d Heart 

z/d Heart 

x/e Brain; bladder 

z/e Brain; bladder 

 

2.3.2.4.3.2. Processes regulated by PMCA activity 

 As the expression of PMCA pumps is ubiquitous, their role was mainly associated with 

a housekeeping function controlling Ca2+ homeostasis in the cell, however, later it was found 

that different PMCA isoforms have more specialized functions in addition to their 

housekeeping role. Knockout mice experiments were utilized to understand their physiological 

role. PMCA1 knockout in embryo resulted in embryo death suggesting a housekeeping 

function. PMCA2 null mouse did not affect embryo viability, however, at day 10, imbalance 

and deafness were observed. Ataxia, reduced Ca2+ concentration in milk, and loss of motor 

neurons were also reported. In case of PMCA3, until now no knockout experiment was 

performed, however, since it is highly expressed in the choroid plexus of the brain, it was 

suggested that it may affect brain development and function. Isoform PMCA4, similarly to 

PMCA1, is ubiquitously distributed, therefore, it was expected to act as a housekeeping gene, 

however, the PMCA4 null mouse survived but caused male infertility as a result of a defect in 

sperm motility [75].  

 PMCA can modulate many other processes through its interaction with other proteins. 

For example, the specific variant PMCA4b was found to regulate cardiac contractility through  

the interaction of its C-terminal end with the PDZ domain of the neuronal nitric oxide synthase 

(nNOS) and this interaction resulted in decreased nNOS activity [76]. In another study on 

Jurkat cells, PMCA4 was found to interact with CD147 (basigin) and this interaction resulted 

in the reduction of IL-2 expression [77]. 

 In addition, it was reported that PMCA can function as a signaling pathway modulator. 

One study showed that PMCA4b through interaction with its catalytic domain can act as a 

negative modulator to the Ca2+-dependent phosphatase calcineurin. Calcineurin normally 

activates the nuclear factor of the activated T-cell (NFAT) signal transduction pathway, 

however, when PMCA4b interact with calcineurin its activity is reduced due to the low Ca2+ 
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environment produced by PMCA4b activity, and this results in the reduction of NFAT activity 

and inhibition of the downstream pathway [78]. Another study showed that co-expression of 

Ras-associated factor 1 (RASSF1) and PMCA4b resulted in inhibition of the EGF-mediated 

Ras signaling pathway after stimulation with EGF [79]. 

 PMCA4b and the calcium/calmodulin-dependent serine protein kinase (CASK) was 

reported to co-precipitate in the brain and kidney. Luciferase functional assay in human 

embryonic kidney (HEK293) cells showed that the C-terminal end of PMCA4b can interact 

with the PDZ domain of CASK  and this interaction results in inhibition of CASK activity [80]. 

 PMCAs were also shown to interact with PIP2. Our laboratory has reported that this 

interaction helps in protecting PIP2 from hydrolysis to IP3 and DAG by PLC activity. Two 

predicted mechanisms for PIP2 protection have been suggested: one needs the activity of the 

PMCA where lowering Ca2+ level reduces PLC activity and hence PIP2 hydrolysis and the 

other one includes direct interaction between PIP2 and PMCA that makes PIP2 not accessible 

to PLC [81]. 

 Many recent studies showed that alteration in PMCA expression is associated with 

tumorigenesis, however, their role is isoform dependent. For example, the particular isoform 

PMCA4b was found downregulated in many cancer cells and this contributed to cell 

transformation and malignancy. Our laboratory reported that PMCA4b was markedly 

downregulated in BRAF mutant melanoma cells and overexpression of PMCA4b resulted in a 

significant decrease in migration and metastasis with no effect on cell proliferation. Therefore, 

PMCA4b was suggested to act as a metastatic suppressor in these cell types  [82]. 

 It was shown that PMCA1 and PMCA2 expression in certain breast cancer cell lines 

are upregulated while PMCA4 was found downregulated when compared to normal breast 

epithelial cells [83–86]. Similarly, PMCA4 expression in colon cancer was downregulated 

especially in high-grade colon adenoma and in lymph node metastasis when compared to 

normal colon tissue where high PMCA4 is expressed [87,88]. Another study showed that 

PMCA1 mRNA and protein levels in primary oral squamous cell carcinomas (OSCCs), oral 

premalignant lesions (OPLs) and OSCC-derived cell lines were downregulated and PMCA1 

gene inactivation could be as a result of epigenetic regulation [89].  

2.3.2.4.3.3. Regulation of PMCA expression 

 PMCAs have certain transcription factor binding sites in the promoter and enhancer 

regions that may play role in regulating PMCA transcription but their proper function is still 

not well understood [90]. It was reported that the ATP2B2 gene has four different transcription 

start sites where two of them are only expressed in neuronal tissue [91]. The transcription factor 
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c-myc can bind to the promoter region of the PMCA4b gene in differentiated B-lymphocyte 

that results in its reduced expression [92]. An erythroid-specific regulatory region in the intron 

1 of the gene ATP2b4 was reported to be important for its expression in erythroid cells but not 

required in non-erythroid cells [93].  

 Ca2+ itself was found to affect PMCA expression. A study on neuron cultures showed 

that an increase in Ca2+ concentration in cerebellar granule cells re-arranged the pattern of 

PMCA so that PMCA2 and 3 were upregulated, PMCA1 undergone truncation and PMCA4 

degraded in a calcineurin-dependent manner [74]. 

 Several studies reported from our laboratory showed that PMCA4b expression can be 

modulated by different mechanisms. In BRAF mutant melanoma, the BRAF/MEK/ERK 

pathway is active and inhibition of this pathway using BRAF (vemurafenib) or MEK 

(selumetinib) inhibitors increased PMCA4b expression. Similarly, it was shown that histone 

deacetylase (HDAC) inhibitors both in melanoma [94] and estrogen receptor (ER-α) positive 

breast cancer cells [86] upregulated PMCA4b expression. In MCF-7 cells, 17β-estradiol (E2) 

treatment was also found to upregulate PMCA4b expression indicating that PMCA4b 

expression is regulated by the ER-α pathway [86]. 

2.3.2.4.3.4. Regulation of PMCA activity 

 Ca2+-calmodulin and alternative splicing. In the resting state, in the absence of 

calmodulin, the binding motif for calmodulin - located near the C-terminus of PMCAs - acts 

as an auto-inhibitor that binds to its receptors on both sites of the intracellular loops resulting 

in an inactive PMCA with a Kd for Ca2+ around 10-20 µM. An increase in intracellular Ca2+ 

concentration and binding of four Ca2+ ions to calmodulin allow this protein complex to bind 

to the CBS motif at the C-terminus and therefore frees the pump from the auto-inhibition and 

PMCA becomes active with a Kd < 1 µM [95].  

 The alternative splicing of PMCAs may affect their activity, regulation, localization 

and interaction with other proteins. As the splicing site at the C-terminus of PMCA overlaps 

with the calmodulin-binding site, any changes in this site as a result of alternative splicing will 

affect its binding to calmodulin and eventually the activity of the pump, for example, the “a” 

variant differs from “b” variant in having an insert in the site C and therefore this resulted in 

PMCA4a having a higher basal activity and faster activation with CaM than PMCA4b. In cell-

free systems and at resting state, it was found that PMCA4b is the only inactive pump while 

the other pumps were found partially active [96]. 

 Localization of PMCA was also different with different isoforms and different splice A 

variant, for example, PMCA2w/a was more localized to the apical region of the stereocilia in 
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cochlear hair cells of the inner ear while PMCA1xb localized mainly at its basolateral 

membrane [97]. 

 The sequence of the catalytic region of the same variant may also determine the activity 

of the PMCA by affecting its interaction strength, for example, PMCA4b has a lower basal 

activity and slower activation with CaM than PMCA2b [95]. 

 Phosphorylation by protein kinases. Another way of PMCA activity regulation is its 

phosphorylation by protein kinases (PK) A and C through interfering with calmodulin 

regulation or via de-inhibiting the pump. For example, PKC was found to increase PMCA4b 

activity, although not fully, and showed an additive effect to Ca2+-calmodulin. However, the 

results were opposite when PKC phosphorylated PMCA2a and PMCA3a [98,99]. 

 Acidic phospholipids. In vitro treatment of the pump with acidic phospholipids and 

their binding to the PMCA at specific sites showed an increase of PMCA affinity to Ca2+ and 

an increase in PMCA activity. This was explored using PMCA isoform 2 [100]. In addition, 

changes in the composition of the lipid content of the plasma membrane showed an effect on 

PMCA activity, for example, PMCAs in PIP2-rich lipid rafts are found more active [101]. 

 Proteases. PMCA pumps also act as a substrate for certain enzymes such as Ca2+ 

dependent protease calpain and caspase 1 and 3. Calpain was found to activate the PMCA pump 

by cutting the calmodulin-binding sequence [102] while caspase 1 and 3 resulted in activation 

and inhibition of PMCA2 and 4, respectively [103]. 

PMCA localization and internalization. Localization of membrane proteins is 

essential for their proper function. Our laboratory showed that in low-density epithelial and 

endothelial cell cultures, PMCA4b is mostly localized to intercellular compartments and as the 

cells get more confluent the PMCA4b becomes more localized to the plasma membrane with 

higher extrusion Ca2+ capability. In addition, it was shown that a di-leucine-like motif 

(1167)LLL at the C-terminal region of PMCA4b was critical for internalization and L(1167-

1169)A mutation was able to target PMCA4b to the plasma membrane. These results confirmed 

that PMCA4b internalization can mediate pump loss of function [104].  

PMCA interaction with other proteins:  

Protein 14-3-3. Binding of the regulatory protein 14-3-3ε to a region near the N-

terminus of three out of four isoforms (PMCA1, 3 and 4) of PMCAs resulted in their 

inactivation [105,106]. 

PDZ domain interaction. All “b” splice variants of PMCA’s C-terminal tail include a 

PDZ domain-binding motif to mediate interaction with proteins, harboring one or more PDZ 

domains. These are mostly scaffolding proteins that may link PMCAs to the actin cytoskeleton 
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or mediate their interaction with other proteins and affect their localization and/or activity 

[74,76,107]. PDZ domain-binding motif in PMCA 1, 2 and 3 of b variants have the same PDZ-

binding sequence (-ETSL) while PMCA4b differ in one amino acid residue (-ETSV) therefore 

PMCA4b can interact with distinct scaffolding proteins [108,109].  

 As for localization, PDZ containing proteins such as the membrane associate guanylate 

kinase (MAGUK) family, Na+/H+ exchanger regulatory factor 2 (NHERF2), SAP-1 and PISP 

can interact with the PMCAs in an isoform-specific manner and this allows maintaining 

PMCAs to certain membrane domains for local regulation of Ca2+ signal [74].  

 Interaction of CASK PDZ domain with its binding motif in PMCA4b in mouse sperm 

resulted in inhibition of PMCA4b activity and an increase in cytosolic Ca2+ concentration that 

ultimately resulted in decreased sperm motility [110]. 

Neuroplastin (NPTN) and basigin (BSG). Neuroplastin and 

basigin/EMMPRIN/cd147 are Ig-domain containing proteins. Based on knockout studies on 

cells, tissue and virally transduced neurons, it was found that these proteins can serve as 

obligatory auxiliary subunits of the PMCA that allows them to regulate cytosolic Ca2+ 

concentration by increasing PMCA stability at the plasma membrane and hence Ca2+ extrusion 

capacity of the cell [111].  

Cytoskeleton. A study in activated platelets showed that F-actin can interact with 

PMCAs and results in its inactivation [112]. Later, another study on purified erythrocyte 

PMCA proteins showed that interaction between monomeric G-actin and PMCA resulted in 

PMCA activation while filamentous F-actin interaction resulted in activity inhibition. These 

data were also confirmed in HEK cells expressing PMCA2 or PMCA4 [113]. 

 The differences observed in PMCA isoforms and variants in term of expression, 

activity, kinetics, interacting proteins, localization and regulations results in functional 

diversity that is important to match cell or tissue-specific requirements and to respond to a 

variety of stimuli during growth and development. Other sources of PMCA variations include 

mutations and post-translational modifications are also reported [90]. 

 

2.4. Alteration in Ca2+ homeostasis and cancer development  

 Ca2+ is a key regulator of many physiological processes and its deregulation participates 

in the development of a variety of diseases ranging from hypertension to cancer. Cytosolic Ca2+ 

acts as a second messenger in the cell and any intracellular increase in its concentration may 

alter a variety of processes through its effect on many Ca2+-dependent proteins or effectors 

involved in key signaling pathways regulating cell proliferation, migration and apoptosis [114].  
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Therefore, in normal cells, the intracellular Ca2+ concentration is under tight control using a 

toolkit of Ca2+ channels, pumps and exchangers. For cells to transform to malignancy they 

should acquire characteristics of cancer - called cancer hallmarks - including continuous 

proliferation, angiogenesis induction, avoiding apoptosis, allowing cells to migrate, invade and 

then metastasize [115]. Ca2+ is involved in all these processes therefore any alteration in 

spatiotemporal cytosolic Ca2+ concentration or Ca2+ signal kinetics may result in cancer 

development [116].  

 Cancer cells use the same Ca2+ signaling toolkit as normal cells, however, changes in 

the expression, cellular localization and/or activity of these tools in response to gene mutations 

or post-translational modifications may result in changes in Ca2+ fluxes and cytosolic Ca2+ 

concentration [117]. Examples of altered Ca2+ toolkit protein expression levels in a variety of 

human cancers are presented in Table 4 [118]. 

Table 4. Ca2+ channels and pumps mRNA and protein levels in several types of cancer 

[118]. 

Channel/transporter Cancer type Changes 

IP3R 

IP3R1 

 

Glioma 

 

Decreased 

IP3R2 Lymphocytic leukemia Increased 

IP3R3 Glioma, gastric, colon, head and neck 

cancer 

Increased/mutation 

Ca2+-ATPases 

SERCA2 

 

Colon cancer 

 

Increased 

SERCA3 Gastric, lung, choroid plexus tumor, and in 

myeloid leukaemia 

Decreased 

SPCA1 Breast cancer Increased 

SPCA2 Breast cancer Increased 

PMCA1 Oral cancer Decreased 

PMCA2 Breast cancer mRNA elevated 

PMCA4 Colon cancer Decreased 

VGCC 

Cav1.2 

 

Colon and oesophageal cancer 

 

Increased 

Cav2.3 Glioma Increased 

Cav3.1 Glioma Increased 

Cav3.2 Prostate, ovarian, glioma, breast, 

oesophageal, hepatoma, melanoma, and 

colon cancer 

Increased 

TRP 

TRPC1 

 

Breast cancer 

 

Increased 

TRPC3 Ovarian and breast cancer Increased 

TRPC6 Oesophageal, glioma, and breast cancer Increased 

TRPM1 Melanoma Decreased 

TRPM7 Pancreatic and breast cancer Increased 
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TRPM8 Pancreatic, prostate, bladder, breast, 

melanoma, colon, and lung cancer 

Increased 

TRPV1 Bladder and prostate cancer Decreased/Increased 

TRPV2 Bladder and prostate cancer, 

hepatocarcinoma 

Decreased/Increased 

TRPV4 Non-melanoma skin cancer, tumor 

endothelial cell derived prostate and breast 

cancer 

Decreased 

TRPV6 Breast, prostate, lung, thyroid, colon and 

ovarian cancer 

Increased 

Orai & STIM 

Orai1 

 

Pancreatic adenocarcinoma, glioma, 

melanoma, breast, oesophageal, renal, and 

NSCLC 

 

Increased/constitutive 

activated 

Orai3 Breast, prostate, and lung Increased 

STIM1 Hepatoma, melanoma, cervical, colorectal, 

breast, and pancreatic adenocarcinoma 

Increased 

STIM2 Breast, colorectal cancer, and melanoma Increased/Decreased 

Purinergic receptor 

P2X3 

 

Hepatoma 

Increased 

P2X5 Melanoma, colorectal, brain, breast, and 

renal cancer 

Increased 

P2X7 Neuroblastoma, melanoma, leukaemia, 

breast, prostate, papillary thyroid, 

pancreatic, colon, renal, cervical, and B-

chronic cancer 

Increased 

P2Y2 High metastatic breast cancer, hepatoma 

and colon cancer 

Increased 

P2Y4 Colon cancer Increased 

MCU Breast, colon, and prostate cancer Decreased/Increased 

 

2.4.1. Role of Ca2+ in cell proliferation  

 Cells to increase in number, undergo proliferative cell cycles of four phases: G1, first 

growth; S, DNA synthesis; G2, second growth; M, mitosis. The whole process is tightly 

controlled and there are checkpoints for cells to complete the cycle. Ca2+ is essential for cell 

proliferation and division where checkpoints and cell cycle progression are dependent on Ca2+ 

especially in early stages G1, G1/S and G2/M. [119]. For cells to enter the G1 phase, 

transcription factors such as AP1 (FOS and JUN), NFAT and cAMP responsive element-

binding (CREB) should be activated first to regulate the expression of cell cycle regulator 

cyclin-dependent kinases CDK2 and 4 and cyclin D and E. Ca2+ is required to promote activity 

of proteins involved in cell cycle progression. In the S phase, Ca2+ is needed for CDK2 and 4 

assembly and activation to allow phosphorylation of retinoblastoma (RB1) and hence its 

inactivation for cells to progress and enter the S phase. Ca2+ and CaM were also required for 

centrosome duplication during G1/S phase transition. The Ca2+/Calcineurin pathway regulates 
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Cyclin A, D and E, and activates the NFAT pathway. In addition, Ca2+ oscillation during G2/M 

transition was found to regulate the separation of the centrosome via CaMKII 

(Ca
2+

/calmodulin-dependent protein kinase II) activity [116].  

 Studies showed that an increase in basal Ca2+ level may induce cell cycle progression 

and hence cell proliferation. In cancer, many Ca2+ channels were found overexpressed and 

contribute to increased cell proliferation. For example, changes in expression of transient 

receptor potential cation channels, including TRPV1, TRPV2, TRPV6, TRPM8, TRPM2 and 

TRPC6 have been demonstrated in prostate cancer (PC) [116]. Increased expression of both 

TRPC6 and TRPV6 were able to induce NFAT signaling and as a consequence increase 

prostate cell proliferation and malignancy. TRPV6 is considered as a prognostic factor for PC 

[120]. Similar to PC, TRP channels (TRPV6, TRPC6, TRPM7) have been reported to control 

breast cancer cell proliferation, as well [121].  

 Calcium Orai channels and STIM expression were also reported to be elevated in 

various types of cancers. An increase in cytosolic Ca2+ concentration mediated by SPCA2 and 

Orai1 in breast cancer cells was found to activate the Ras signaling pathway through ERK 

activation and to promote downstream expression of Cyclin D1 [122]. Another study in non-

small cell lung carcinoma (NSCLC) demonstrated the contribution of Orai3 in controlling cell 

proliferation and cell cycle through the AKT pathway where Orai3 was found overexpressed 

[123]. Similar overexpression of Orai3 was observed in breast, lung, and prostate cancer [124].   

2.4.2. Role of Ca2+ in cell motility, migration and metastasis 

 One of the hallmarks of cancer is the ability of cells to migrate from the primary site, 

invade, disseminate to the secondary site and develop metastasis. Several steps involved in cell 

metastasis including cell deformation, detachment/adhesion, invasion and migration are Ca2+-

dependent processes. In normal migrating cells, a gradient increase of Ca2+ across the cell from 

front-to-rear helps in the formation of leading edge/protrusions at the front and trailing edge 

detachment at the rear. Studies showed that voltage-gated calcium channels, TRP and 

PLC/IP3R signaling pathways are involved in such processes. However, other local 

spatiotemporal increases of Ca2+ were detected in restricted micro-domains in different regions 

of migrating cells. For example, a transient increase in Ca2+ levels “calcium flickers” at the 

lamellipodia are generated by TRPM7 stretch-activated channel [125]. These flickers have 

been involved in directional migration and without them cells can move faster but cannot 

respond to any directional cues. 
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 A similar Ca2+ gradient was observed when migrating human umbilical vein endothelial 

cells (HUVECs) was studied. They related the low Ca2+ level at the cell front to the presence 

of PMCA and its enhanced ability to extrude Ca2+. In addition, they reported that localization 

of STIM1 toward the front of the cell helped in decreasing Ca2+ concentration in the ER lumen. 

Tyrosine kinase signaling is also increased at the cell front where a polarized activation of PLC 

generates IP3 and DAG. IP3R activity results in the formation of local Ca2+ pulses that induce 

Ca2+-dependent modulators such as myosin light chain kinase (MLCK) activity [126].  

 Cell migration involves changes in cytoskeleton dynamics, focal adhesion (FA) (dis-

assembly at the rear and assembly at the front) and directional sensing. Local increase of Ca2+ 

by IP3R at the ER was essential for activation of certain Ca2+-dependent modulators such as 

calmodulin kinase II (CaMKII) or calpain that are important for focal adhesion and 

cytoskeleton organization. These can activate effectors and signaling pathways including focal 

adhesion kinase (FAK) (calpain 2 can regulate its activity by proteolysis), PI3K, and MLCK. 

TRPM7 channel is suggested to be involved in FA disassembly, cell detachment and migration 

[125,127]. In solid tumors, motility and migration are mainly of mesenchymal type and recent 

studies showed the involvement of voltage in-dependent Ca2+ channels such as Orai and TRP 

in such processes [116].   

 Increased migration and metastasis of several types of cancer have been connected to 

increased intracellular Ca2+ concentration through overexpression of Ca2+ channels. For 

example, in metastatic prostate cancer, overexpression of both Orai and TRP calcium channels 

was involved in the regulation of prostate cancer (PC) cell migration.  Inhibition of SOCE 

(Orai1) resulted in reduced migration of both androgen-independent and androgen-dependent 

prostate cancer cells [128]. In addition, TRPM7 channel also regulates cell migration in PC. A 

high cholesterol level increases TRPM7 activity that leads to an increase in cytosolic Ca2+ 

concentration and calpain activation. In turn, calpain reduces E-cadherin expression and 

increases PC cell migration [129].  

  In NSCLC, TRPM7 channel expression is induced by EGF. Knockdown experiments 

and pharmacological inhibitor treatment with or without EGF resulted in decreased cell 

migration [130]. In glioblastoma, IP3R3 expression was shown to be elevated and its inhibition 

by caffeine resulted in reduced cell motility using in vitro and in vivo models [131]. 

2.4.3. Role of Ca2+ signaling in melanoma development and metastasis. 

 As discussed earlier, an increase in intracellular Ca2+ concentration in several types of 

cancers as a result of changes in expression of Ca2+ channels or pumps has led to enhancement 

of tumor cell proliferation and metastasis. In melanoma, the expression of several Ca2+ 
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channels was found to be upregulated and was found to be involved in melanoma development 

and metastasis (Figure 5).   

 

 
Figure 5. Schematic illustration of channels and transporter proteins in melanoma cell 

[132]. Red: up-regulated, blue: down-regulated. 

 

 Transient receptor potential melastatin (TRPM) is involved in the regulation of 

melanocyte behavior and it was reported that an increase in expression of TRPM2, TRPM7 

and TRPM8 in melanoma cells contributed to increased cell proliferation and metastatic 

capacity [133].  

 T-type calcium channels (TTCCs) are overexpressed in melanoma and this contributed 

to an increase in cell proliferation, migration and metastasis. Fast activation of TTCCs by weak 

depolarization allows a transient increase in intracellular Ca2+ concentration and this allows 

direct binding of Ca2+ to CaM in the favour of mitotic and cell cycle progression. TTCCs 

knockdown (especially Cav3.1 and Cav3.2 isoforms) reduced cell viability by inducing cell 

cycle arrest at G1 and S phases. In addition, Cav3.2 expression was found to be associated with 

the expression of Glut1 (hypoxia marker), cyclin D1 and Ki-67 (proliferation markers). TTCK 

blockers were reported to be effective in reducing migration and invasion of BRAF mutant 

melanoma cells by inhibiting its autophagy [134]. Similarly, voltage-gated Ca2+ channels 

(VGCSs) upregulation in melanoma was found to enhance cancer proliferation by providing 

Ca2+ wave oscillations that favor cell cycle progression [135]. 
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 The major source of Ca2+ in non-excitable cells is the store-operated Ca2+ entry (SOCE). 

The depletion of Ca2+ from the endoplasmic reticulum (ER) is sensed by the STIM protein, 

which then activates the Orai Ca2+ channel at the plasma membrane. Two studies showed that 

SOCE expression is upregulated in melanoma cells independent of the BRAF mutational status 

and when SOCE is inhibited by either knocking down or by using synthetic inhibitors it resulted 

in reduced melanoma cell proliferation, migration and metastasis.  The first study showed that 

induction of SOCE is associated with activation of the CaMKII/Taf-1/ERK pathway and SOCE 

inhibition will result in inhibition of melanoma progression [136]. The second study found that 

STIM1 and ORAI1 generated Ca2+ oscillations resulted in enhanced melanoma invasion by 

inducing invadopodia precursor formation through Src activity and by enhancing extracellular 

matrix (ECM) degradation through increased matrix metalloproteases (MMPs) production 

[137].   

 Calcium-activated chloride channel regulator-2 (CCLA2) was found to enhance 

melanoma metastasis by facilitating cell adhesion through interaction with β4 integrin at the 

cell surface [138].  

 Ryanodine receptors (RyR1, RyR2, RyR3) are involved in the regulation of 

intracellular Ca2+ concentration in excitable tissues such as muscles and neurons and it was 

found upregulated in melanoma [139].  

 In BRAF mutant melanoma cells, high concentration of vemurafenib induced increase 

in cytosolic Ca2+ that resulted in ER stress and apoptosis. Combination of vemurafenib with  

thapsigargin, an inhibitor of SERCA pumps, was found to reduce the effective concentration 

of vemurafenib and overcome resistance acquired by vemurafenib treatment alone [140].   

 Our laboratory demonstrated that the PMCA4b Ca2+ pump was down-regulated in 

BRAF mutant melanoma cells, and its overexpression resulted in inhibition of cell migration 

in vitro and metastasis in vivo. We also found that the RAS-BRAF-MEK-ERK pathway was 

involved in PMCA4b down-regulation since BRAF inhibition with vemurafenib up-regulated 

PMCA4b at both the mRNA and protein levels [82]. 

 All these data show that Ca2+ homeostasis is essential for normal cell functioning and 

changes in its level may produce many types of diseases. Remodeling of the Ca2+ signaling 

toolkit in different types of cancers could be the direct driving force for cancer development, 

and could help in sustaining cancer hallmarks. Many Ca2+ channel inhibitors have been 

suggested as a promising candidate for therapeutic targeting, however, the ubiquitous role of 

Ca2+ in different signaling pathways, and the presence of some of these channels in several 

types of tissues, may exhibit difficulty in finding a promising selective drug. Those Ca2+ 
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channels that are significantly elevated in restricted tissues may provide a better target for drug 

selection [116]. 

 

2.5. Mitogen-activated protein kinases-MAPK superfamily 

 MAPK signaling pathway is one of the key pathways identified in eukaryotic cells. It 

regulates a variety of cellular processes such as proliferation, apoptosis, differentiation, stress 

response, gene expression and motility. The MAPK cascades consist of three evolutional 

conserved serine-threonine kinases that can be activated by growth factors, mitogen, 

environmental stress and inflammatory cytokines. Upon stimulation, MAP Kinase-kinase-

kinase (MAPKKK/MAP3K) becomes active by interaction with GTPases or by 

phosphorylation via protein kinases downstream of the receptor. Active MAP3K selectively 

phosphorylates and activates downstream MAP2K, which in turn activates MAPK by 

phosphorylation at two conserved sites (Thr/Tyr) in the activation loop. 

 In mammal cells, there are three main MAPK subfamilies: extracellular signal-

regulated kinases (ERKs) 1 and 2 (ERK1/ERK2); c-Jun N-terminal kinase/stress-activated 

protein kinase (JNK/SAP) 1, 2 and 3; and p38 kinases α, β, γ and δ. Other MAPK subfamilies 

have been reported as ERK 3, ERK4, ERK5, ERK7 and ERK8, however, their exact role is not 

fully understood. The activity of MAPK results in phosphorylation of a large variety of 

substrates such as transcription factors, cytoskeleton proteins, phospholipases and other protein 

kinases named MAPK-activated protein kinases (MKs) (Figure 6) [141]. 

 

Figure 6. Schematic diagram of MAPK signaling pathway. A stimulus such as a mitogen 

or cellular stress can activate ERK and p38 pathways leading to activation of other MKs. 
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 In a previous section, we discussed the role of BRAF point mutation in constitutive 

activation of the MAPK pathway and the development of melanoma. In the literature, other 

active MAPK-signaling pathways - p38 MAPK and JNK - and the NF-κB pathway were also 

found to contribute to melanoma progression and metastasis [18–20].  

2.5.1. The p38 MAPK family 

 P38 is a proline-directed serine/threonine protein kinase initially identified as a 38 KDa 

protein that can be tyrosine phosphorylated upon treatment with endotoxin or hyperosmolarity 

shock. It is the mammalian homolog of the Saccharomyces cerevisiae Hog1p MAP kinase 

which is involved in the signaling pathway controlling response to stress and cytokines [142]. 

P38 MAPK can phosphorylate several substrates in response to a variety of stimuli such as 

oxidative stress, UV light, growth factors (CSF-1, GM-CSF, VEGF and PDGF), DNA damage, 

osmotic shock and pro-inflammatory cytokines (TNF-α and IL-1). Therefore, p38 MAPKs are 

also known as stress-activated protein kinases (SAPKs). Their activation is not only stimuli 

specific but also cell type-specific, for example, insulin treatment of adipocytes 3T3-L1 

activates p38 MAPK while the same treatment in check forebrain neuron cells results in its 

inactivation [143]. P38 MAPK activity is involved in the regulation of several processes such 

as proliferation, metabolism, differentiation, migration and apoptosis (Figure 7). 

 

 

Figure 7. Schematic diagram showing p38α upstream activators and its effect on 

downstream processes.  stimulation,      inhibition. 

 

  In mammals, four splice variants encoded by four different genes with different tissue 

expression patterns have been identified: α (MAPK14), β (MAPK11), γ 

(ERK6/MAPK12/SAPK3) and δ (MAPK13/SAPK4). All four isoforms share 60% amino acid 

sequence similarity but only 40-45% to other MAPK family including JNKs and ERKs. 

Despite their similarities, they differ in their tissue expression, downstream effectors, upstream 

https://en.wikipedia.org/wiki/Orthologue
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activators, and chemical inhibitor sensitivity. P38α and p38β are ubiquitously expressed, 

however, p38α is more abundant in most cell types than p38β. The p38γ and δ are differentially 

expressed in skeletal muscle and endocrine gland, respectively [144]. P38α knock out 

experiments in mouse embryo were shown to be lethal while mouse deficient of p38 MAPK 

isoforms β, γ or δ showed no effect on embryo viability. 

2.5.2. Regulation of the p38 MAPK signaling pathway 

 Many physiological processes are regulated by the p38 MAPK pathway and any de-

regulation may lead to several pathological developments. Therefore, in normal cells p38 

MAPK activity is regulated by four different mechanisms: 

 P38 dual phosphorylation: External stimuli such as environmental stress, 

inflammatory cytokines, or growth factors can activate MAP3K (MLKs, ASK1, TAK1 and 

some members of the MEKK family) through activation of low MWT GTP-binding proteins 

of the Rho sub-family (Rac1, CD242, Rit and Rho) or activation of hetero-trimeric G-protein 

coupled receptors. Once MAP3K is activated it activates downstream MAPK kinases named 

MKK3 or MKK6 (SKK3). Both are highly selective and can activate p38 MAPKs through dual 

phosphorylation at Thr-180 and Tyr-182 in the Thr–Gly–Tyr motif of the activation loop 

present between the kinase domains. Phosphorylation of p38 MAPK results in conformational 

changes and alteration in the alignment of two kinase halves (N- and C- terminal domains), 

which allows easier access to the p38 substrates and hence increases p38 MAPK activity [145]. 

Experiments on MKK3 and MKK6 dual knockdown resulted in non-viable-mouse at a mid-

gestation stage with defects in the placenta and embryonic vasculature development. However, 

knocking down either one of them showed no effect on mouse viability indicating potential 

redundancy [146].   

 P38 auto-phosphorylation: Two MKK-independent mechanisms were proposed to 

activate p38 MAPK. The first one was identified using a yeast two-hybrid screen. The authors 

found an adaptor protein called TAB1 (Transforming growth factor-β-activated protein 1 

(TAK1)- binding protein 1) that can bind to p38α MAPK (but not the other isoforms) and 

activate it through p38 MAPK auto-phosphorylation, and this was implicated mostly in the 

ischemic heart and immunological processes. However, a study showed that TAB1 induced 

autophosphorylation and enhanced activity resulted in different downstream p38α targets. This 

was explained by the ability of TAB1 to sequester p38α in the cytosol independent of the MKK-

activated p38α functions [147].  

https://en.wikipedia.org/wiki/Threonine
https://en.wikipedia.org/wiki/Tyrosine
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 The other MKK-independent mechanism was identified in a study using T-cells. 

Stimulation of T-cell antigen receptor (TCR) resulted in activation of proximal tyrosine kinases 

that in turn phosphorylated p38α at a non-canonical tyrosine residue Tyr323 [148].  

 P38 binding proteins and scaffolds: Protein kinases in the MAPK signaling pathway 

may interact with other protein kinases in the cascade or interact through scaffold proteins. For 

example, a scaffold protein called osmosensing scaffold for MEKK3 (OSM) was found to 

activate p38α through its complexing with MKK3, MEKK3 and Rac [149].  

 The TAB1 protein itself, mentioned above, was also found to be a substrate of p38α 

that can be phosphorylated at Ser423, Thr431 and Ser438 although these serine residues are 

not followed by proline. Transforming growth factor‐β (TGF‐β)‐activated kinase‐1 (TAK1) is 

a kinase that lies upstream of p38α, JNK and IκB kinase (IKK) usually activated by 

inflammatory stimuli and found to interact with TAB1. Phosphorylation of TAB1 by p38α 

terminates its ability to activate TAK1 and hence p38α activity itself. Therefore, it was 

suggested that TAB1 can mediate a negative feedback loop following its phosphorylation 

[150].  

 Downregulation of the P38 MAPK signaling pathway: In mammals, many protein 

phosphatases contribute to the inactivation of p38 MAPK including the Tyr phosphatase PTP  

and the Ser/Thr phosphatase PP2C [151].  

2.5.3. P38 MAPK substrates 

 P38 MAPK has more than 100 protein substrates in the cell that can be directly 

phosphorylated to regulate different processes such as protein degradation/localization, 

endocytosis, cell cycle, metabolism, mRNA stability and translation, chromatin remodeling 

and cytoskeleton dynamics [152]. P38 MAPK downstream targets were identified using 

pyridinyl imidazole inhibitors such as SB203580 and SB202190 that can inhibit both p38α and 

β. The use of a new potent p38 pan-inhibitor diaryl urea BIRD796 that can inhibit all four p38 

MAPK isoforms at different concentrations and the use of specific knockout mice approach 

helped in identifying new substrates and the physiological role of the other two isoforms γ and 

δ [153]. 

 Some of the p38 MAPK substrates and their function are demonstrated in Figure 8. 

Activated p38 MAP kinase has been shown to phosphorylate and activate protein kinases such 

as MAPKAP kinase 2, transcriptional regulating factors such as activating transcription factor 

(ATF1), transcription factors such as NFAT, myocyte enhancing factor (MEF), serum response 

factor accessory protein-1 (SAP-1) and other proteins such as TAB1-3 and Heat shock protein 

27 (Hsp27) [147].  

https://en.wikipedia.org/wiki/MAPKAPK2
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 P38 γ and δ MAPK isoforms can also phosphorylate similar substrates of p38 MAPK 

α and β including some of the transcription factors (SAP1, Elk-1, or ATF2), however, they 

cannot phosphorylate protein kinases MAPKAP-K2 or MAPKAP-K3 [154]. 

 

Figure 8. Some of the P38 α/β MAPK downstream substrates and their function [147]. 

P38 MAPK can regulate the activity of several proteins such as protein kinases, transcription 

factors and other proteins involved in a variety of physiological functions. 

 

2.5.4. Role of p38α in tumorigenesis  

 Several studies showed the contribution of the p38 MAPKs subfamily in physiology 

alteration and transformation of cells. P38 MAPK activity has been shown to affect several 

processes including angiogenesis, apoptosis, differentiation, cell cycle, tissue invasion and 

metastasis. Dual functions of p38 MAPKs have been reported in several types of cancer [155]. 

Classically, p38α has been considered as a tumor suppressor that can suppress tumor initiation 

and induce differentiation. For example, it has been reported that loss of MKK3 and MKK6 

and hence p38 MAPK activity in vivo results in increased proliferation and tumorigenesis after 

treatment with TNF [156]. However, other studies reported that p38α during tumor progression 

can act as a tumor promoter where inhibition of p38α decreases tumor survival and 

dissemination [155].  

2.5.4.1. Role of p38α in tumor initiation 
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 In breast cancer, one study showed that p38 MAPK activity can inhibit tumor initiation. 

Wip1 knockout mice showed reduced mammary tumorigeneses through the activation of p38 

MAPK and p16 and p19 pathways [157]. However, many other studies supported the role of 

p38α in tumor progression in breast cancer. For example, an in vivo study showed that the use 

of the p38 MAPK inhibitor PH797804 in mice after treatment with polyoma middle T (PyMT) 

impaired breast tumor growth [158]. In addition, high levels of active p38 MAPK in breast 

cancer patients were correlated with poor prognosis, tamoxifen resistance and lymph node 

metastasis [159]. 

 In colon cancer, p38α normally regulates colon epithelial integrity and intestinal 

homeostasis. Knocking out of p38α in intestinal epithelial cells of mice showed increased 

colitis correlated with colon tumorigenesis initiation by altering assembly of tight junction 

although at the same time p38 MAPK activity was found to be required for cancer cell survival 

[160]. In another study, p38 MAPK activity inhibition by SB202190 in a xenograft model 

showed a reduction in tumor growth [161].  

 In vivo xenograft models for non-small cell lung cancer, glioma, melanoma, breast, 

ovarian and myeloma showed a significant delay in tumor growth as a result of p38 MAPK 

activity inhibition by LY2228820 inhibitor [162].  

 Available data concerning the role of p38 MAPK suggest that it could act as a tumor 

suppressor in the early stages of oncogene induced-cancer initiation by inducing cell apoptosis, 

however, as the tumor progresses, changes in gene expression and signaling pathways -

inducing cell transformation that might be driven by other stimuli in the surrounding 

microenvironment - may alter p38α function to favor tumor progression [155].  

2.5.4.2. Role of p38 MAPK in cell cycle regulation 

 Several studies have reported the involvement of the p38 MAPK pathway in the 

regulation of cell cycle checkpoint transitions between G1/S and G2/M phases in response to 

a variety of stimuli including UV/DNA damage, reactive oxygen species (ROS) and treatment 

with chemotherapeutic agents. Based on cell type, p38 MAPK activity can result in progression 

or inhibition of cell cycle at G1/S phase through regulation of cyclin levels (Cyclin A or D1), 

CDC42, p21 and phosphorylation status of either retinoblastoma (pRb) or p53 tumor 

suppressors [163]. For example, micro-injection of Cdc42 into NIH3T3 cells caused G1 arrest 

in a p38α dependent mechanism [164]. A requirement for p38 MAPK activity was reported in 

case of M phase arrest in somatic cells as a result of spindle fibers disruption after nocodazole 

treatment, and in case of G2 phase arrest as a result of exposure to UV light/DNA damage and 

CDC25B phosphorylation [147].  
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2.5.4.3. Role of p38 MAPK in cell invasion and migration 

 A study on endothelial cells showed the role of p38α MAPK activity in mediating actin 

re-organization and endothelial cell migration after treatment with vascular endothelial growth 

factor (VEGF). p38 MAPK inhibition by SB203580 resulted in reduced endothelial cell 

migration [165]. Many other studies reported the involvement of p38α in transducing 

chemotactic signals. A study in human breast epithelial cells showed that H-Ras activation 

induced cell motility and invasion through activation of p38 and ERKs while N-Ras activation 

and its downstream activation of ERKs was not sufficient [166]. Studies on cells derived from 

mice deficient in different isoforms showed that only p38α was involved in relaying the 

chemotactic signal [167].  

 In literature, the role of p38α MAPK in cell migration has been focused more on the 

actin cytoskeleton rather than changes in gene expression. Initial studies showed that inhibition 

of p38α and therefore, subsequent downstream phosphorylation of HSP27 by MAPKAP-K2 

resulted in inhibition of actin cytoskeleton re-organization that are essential for cell migration. 

In vitro, when HSP27 is not phosphorylated it acts as a cap-binding protein that blocks actin 

polymerization whereas its phosphorylation increases actin dynamics [165,168,169].   

 Other investigations showed that the p38α pathway can regulate cell invasion, motility, 

and angiogenesis through the regulation of MMPs. In human squamous cell carcinoma, 

inhibition of p38α MAPK activity by SB203580 resulted in reduced MMP-9 expression and 

secretion after treatment with phorbol myristate acetate (PMA) and hence reduced cell invasion 

[170].  

 The ability of p38α in transducing chemotactic signals is essential for certain 

physiological functions such as angiogenesis and neutrophil cell migration, however, this 

increase in p38α activity is transient. Therefore, in the case of diseases such as cancer, where 

high and persistent p38α and downstream substrate activity increases cell motility, tumor 

growth (via angiogenesis), migration, invasion and metastasis, p38α can be considered as a 

possible therapeutic target. 

2.5.5. Other active signaling pathways in melanoma 

2.5.5.1. JNK signaling pathways  

 JNK is one of the major MAPK pathway subgroups. It can be activated by 

environmental stress and cytokines similar to that of the p38 MAPK pathway. Upon 

stimulation, MKK4 and MKK7 are activated that subsequently induce activation of JNK by 

phosphorylation at THr183 and Tyr185. Active JNK in turn phosphorylate c-Jun enabling it to 

cooperate with c-Fos and ATF2. These factors allow the activation of a wide spread of factors 
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involved in cell proliferation, cell cycle, apoptosis and differentiation [171]. In melanoma, the 

MAPK pathway is constitutively active, and a study showed that the activation of this pathway 

results in the activation of the JNK pathway and the c-Jun oncogene that subsequently lead to 

activation of Rack1 and cyclin D1. They also reported that an ERK-independent mechanism is 

important for JNK activity and the high protein kinase C (PKC) activity in melanoma is the 

possible activator of JNK. PKC was found essential for melanoma growth and metastasis [19].   

2.5.5.2. NF-κB signaling pathway  

 NF-κB is a transcription factor that has a v-Rel homology domain at its N-terminus that 

is structurally similar to that of the retroviral oncoprotein v-Rel.  NF-κB is composed of an 

inducible heterodimer: RelA (p65) and NF-κB1 (p50) subunits and are usually retained in the 

cytoplasm by the inhibitor IkB proteins [172]. Several stimuli such as stress, UV irradiation, 

cytokines, free radicles, bacterial or viral antigens cause phosphorylation of IκB and 

subsequent degradation by the ubiquitin-proteasome pathway. This results in the activation of 

NF-κB and translocation to the nucleus. This is mainly through the phosphorylation of IκB.  

Studies showed that NF-κB plays role in a variety of physiological processes including 

apoptosis, proliferation, regulation of pro-angiogenic factors such as IL-8 and MMP-9. 

Therefore, high expression of NF-κB was demonstrated in several types of cancers. In 

melanoma, an in vivo study showed that high activity of NF-κB contributed to melanoma 

development and tumorigenesis through enhancing angiogenesis and metastasis [20]. 

  

2.6. Role of the actin cytoskeleton in cell migration and metastasis. 

 Cell motility and the ability to migrate is an important cellular process for many 

physiological activities such as angiogenesis, embryo development, defense against a pathogen 

and immune response. Migration is also vital in many pathological conditions, such as wound 

healing, tissue repair, immunodeficiency, and cancer metastasis [37].  

 Several types of cues act as an attractant for directional cell movement and migration 

including, chemical or ligand cues (chemotaxis), substrate-bound chemoattractant cues 

(haptotaxis) and mechanical cues (mechanotaxis).  Both single and leader cells of collectively 

moving cells respond to these cues in a similar way, however, follower cells that are behind 

the leader cells respond to cues from their neighboring cells [126]. 

 Cells forward movement and ability to turn results in cell shape changes that require 

spatiotemporal coordination between structural components that generate forces such as F-

actin, focal adhesion, myosin, and regulatory components as Rac1, RhoA and CDC42. This 
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type of coordination allows cells to modulate migratory processes such as adhesion, 

polarization, protrusion and retraction [173].  

2.6.1. Cell migration mechanisms 

 As cells migrate in response to chemo-attractant gradient, they transduce signals 

through their cell surface receptors and provoke many intracellular responses to allow cells to 

migrate such as vesicular transport, polarization and cytoskeleton reorganization [173].  

 Cell migration consists of four progressive processes (Figure 9). 1) Protrusion: upon 

extracellular stimulation, cells start to polarize and form protrusions such as filopodia and 

lamellipodia and this is accomplished by de novo polymerization of actin at the leading edge. 

2) Adhesion: for cells to contact the substrate, protruded membrane form and stabilize a new 

adhesion complex (integrin-dependent) that eventually mature into focal adhesions. 3) 

Translocation: by the contractile forces of actin and myosin, the cell body with its nucleus are 

translocated. 4) Retraction: the adhesive complex at the back edge are disassembled and the 

trailing edge starts to retract. All these steps require actin re-organization under the control of 

Rho protein family GTPases and inhibition of any of these proteins showed to reduce cell 

invasion and migration [174]. Therefore, controlling cell migration through actin cytoskeleton 

remodeling may allow controlling cancer cell invasion and metastasis.  
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Figure 9. Four steps for cell migration on a substrate [174]. The migration steps include 

membrane protrusion toward the chemoattractant, adherent to the substrate, translocation of 

the whole cell, and finally retracting the trailing edge. This process is regulated by the Rho 

family and GTPases and requires actin cytoskeleton remodeling. 

 

2.6.2. Modes of cell migration in cancer 

 There are three modes for cell migration in cancer; 1) collective migration, 2) 

mesenchymal migration and 3) amoeboid migration. In collective migration mode, cells are 

usually moving together in sheet-like structures to maintain cell-cell junctions already present 

between cells. Both endothelial cell migration during angiogenesis and epithelial cell migration 

during wound healing are examples of collective migration [175,176]. As epithelial cells start 

to de-differentiate the cell-cell junction proteins are lost and cadherin function is suppressed, 

therefore, cells start to move separately (individual migration) rather than collectively using 

mesenchymal migration mode. This type of transition is called epithelial-mesenchymal 
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transition (EMT) that primarily indicate tumor progression. During this process protrusions 

formed at the front adhere to the substrate in an integrin-dependent manner and ECM enzymes 

are secreted to form a path [177]. These types of cells usually have more elongated morphology 

and these fibroblast-like cells show similar migration mechanisms [178].  However, when cell-

cell junction and cell-substrate adhesion both are inhibited at the same time the type of 

migration changes from collective to amoeboid type. In the case of mesenchymal to amoeboid 

transition (MAT), inhibition of both cell-substrate adhesions (become integrin-independent and 

making cells more rounded) and the ECM degradation are reported and the cells start to move 

relying on actomyosin contractility forces to squeeze the cell body within the ECM gaps [179]. 

The cancer cells have the ability to alternate between mesenchymal and amoeboid modes of 

migration, therefore, both should be repressed to reduce cancer cell invasion and migration 

[174]. 

2.6.3. Regulation of actin turnover 

 The actin cytoskeleton is composed mostly of actin filaments. Actin filaments are 

cytoplasmic actin monomers forming a polar linear polymer with two ends; the barbed end 

(plus end) and the pointed end (minus end). The structural polarity produced by actin 

polymerization determines the pushing force directionality. At the barbed end, actin monomers 

are added in the form of ATP-actin-profilin complexes for actin elongation and as a result ATP 

is hydrolyzed to ADP and profilin dissociates back to the cytosol. This makes actin-ADP more 

susceptible to dissociation. The main site for actin depolymerization is at the pointed end where 

ADP-actin monomers bind the severing protein actin-depolymerizing factor (ADF/cofilin) 

with high affinity. The released actin subunits in the cytosol bind again to profilin and 

competing with cofilin allow nucleotide exchange of ADP to ATP (Figure 10) [180]. The 

process of actin turnover includes three steps: nucleation, elongation, and disassembly. Many 

regulatory and actin-binding proteins are involved in these processes in addition to their role 

in the formation of actin networks or bundles (Table 5) [181]. 
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Figure 10. Actin turnover dynamics [180].   For actin polymerization, more and faster ATP-

actin subunits are added to the barbed end with the help of profilin compared to the pointed 

end. For actin depolymerization, more ADP-actin subunits are released with the help of 

ADF/cofilin at the pointed end for recycling. 

 

Table 5. Actin regulatory protein and their function [181] 

Protein name Function(s) 

Arp2/3 complex Actin nucleation and branching 

N-WASP Strong nucleation promoting factor that binds to Arp2/3 complex to 

nucleate branched actin filaments 

WAVE-2 Regulators of de novo actin polymeriztion 

Alpha-actinin-4 Actin filament cross-linking protein, bind actin to the cortical 

cytoskeleton and its associated proteins 

Gelsolin Actin capping and severing protein 

Tropomodulin 3 Actin capping protein, negative regulator of cell migration 

Cofilin Actin severing protein, membrane protrusion, and cell motility  

Cortactin Binds F-actin to prompt nucleation of new filaments 

 

2.6.4. Ca2+ and actin cytoskeleton remodeling 

 As Ca2+ signaling can be tightly controlled by the cell in a spatiotemporal manner 

through their molecular toolkits, it should be a good candidate to regulate cell polarity, motility, 

chemotaxis and migration [182–184]. In turn, all these processes require changes in actin 

dynamics. Interestingly, several studies showed the involvement of Ca2+ signaling in actin re-

arrangements, invadopodia and lamellipodia formation and focal adhesion turnover [37,185].  

 During cell migration, small Ca2+ oscillatory pulses were reported at the cell leading 

edge in the front as a result of polarized receptor tyrosine kinase signaling and its interaction 
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with pulsatile stretch, and TRP channel activity for releasing Ca2+ from the ER. A study in bone 

marrow-derived mast cells (BMMCs) showed the involvement of Ca2+ channel TRPM4 in 

migration through regulation of Ca2+-dependent actin cytoskeleton re-organization [186]. 

Another study in breast cancer cells showed the involvement of TRPV4 in increased migration as 

a result of its effect on actin dynamics through Ca2+-dependent activation of AKT [187]. 

 In addition, it was shown that an increasing front-to-rear Ca2+ gradient is necessary for cells 

to move. A very low level of Ca2+ is usually kept at the cell front so that any small change in Ca2+ 

concentration can be sensed by migratory responsive proteins including actin, actin-binding 

proteins, myosin and focal adhesions. PMCA but not SERCA was reported to be essential for a 

similar Ca2+ gradient across the cells [126].  

 PMCA interaction with F-actin was first demonstrated in activated platelets [188]. After 

that, it was reported that purified PMCA protein-bound both G-actin and F- actin and these 

interactions affected PMCA activity, which in turn altered the cytoskeleton polymerization 

status. It was suggested that active PMCA lower cytosolic Ca2+ concentration and this promotes 

actin polymerization. While as F-actin binds to PMCA this results in its inactivation and an 

increase in Ca2+ level and hence actin depolymerization [189].  

 Although, there is no reported direct interaction between Ca2+ and actin many actin 

regulators are affected by Ca2+. For example, Ca2+ was found to regulate several Ca2+-

dependent proteins involved in actin cytoskeleton re-modelling, focal adhesion turnover, 

filopodia and lamellipodia formation such as protein kinase C, calmodulin-dependent kinases, 

Rho GTPases, myosin and cofilin.  

2.6.5. Ca2+ and Cofilin 

 Changes in free cytoplasmic Ca2+ concentration can affect actin dynamics via its effect 

on many actin-binding proteins including the actin severing protein cofilin. It is a 19 KDa 

protein available in three isoforms, cofilin 1 (ubiquitously expressed), cofilin 2 (in muscles), 

and ADF. Cofilin activity regulates actin dynamics during cell motility by its ability to 

depolymerize actin by removing ADP-actin subunits from the actin filaments. However, cofilin 

was also suggested as a polymerization factor via its ability to produce actin monomers for 

recycling [190]. 

 Cofilin activity showed to be essential for cell polarity/directionality, chemotaxis and 

protrusion formation. Directionality of cells toward chemotactic signals is facilitated by the 

ability of cofilin to produce actin filament-free barbed ends to initiate and define the location 

of protrusions at specific compartments such as the lamellipodia and invadopodia during their 

movement.  Therefore, cofilin activity is tightly regulated by the cell via three mechanisms: 1) 
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Phosphorylation: LIM or TES kinases induce cofilin inactivation by phosphorylation at serine 

residue 3 while its dephosphorylation through chronophin (CIN), slingshot (SSH), or any other 

phosphatases results in its re-activation, 2) PIP2: PIP2 binding to cofilin at the plasma 

membrane blocks its activity while PIP2 hydrolysis through PLCγ1 activity restores cofilin 

activity, 3) Cortactin: cofilin binding to dephosphorylated cortactin at invadopodia blocks its 

activity while cortactin tyrosine phosphorylation by Abl or Src kinases restores cofilin activity 

[191]. Any misregulation of cofilin activity and localization may result in disease development 

such as cancer metastasis. Dysregulation of cytosolic Ca2+ concentration affects cofilin activity, 

for example, a study showed that high cytosolic free Ca2+ concentration can increase cofilin 

activity via its dephosphorylation by the calcium-dependent phosphatase calcineurin [192].  

 Since many studies showed the involvement of Ca2+ in modulating actin cytoskeleton 

dynamics and PMCA as a pump helps in maintaining low cytosolic Ca2+ levels, we investigated 

the role of PMCA in actin cytoskeleton remodeling and its contribution to the reduced 

migratory effect observed in melanoma cells overexpressing PMCA4b. 
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3. Objectives 

 Plasma membrane Ca2+ pump (PMCA4b) is a key regulator of intracellular Ca2+ 

homeostasis. Previously, our laboratory identified PMCA4b as a putative metastatic suppressor 

in BRAF mutant melanoma cells.  Loss of tumor suppressors have been identified in many 

types of cancers due to the increased degradation of these proteins. In melanoma, we reported 

downregulation of PMCA4b at both the mRNA and protein levels. Identifying the regulators 

involved in PMCA4b degradation and targeting the corresponding pathways could provide new 

strategies for cancer metastasis treatment and/or for overcoming cancer resistance.  

 As cells start to metastasize, they move from the primary tumor site, invade and form 

tumors at other sites in the body. For such activities actin remodeling was reported to be 

essential as many proteins and factors regulate cell metastasis through their effect on actin 

dynamics directly or indirectly. One of these factors is intracellular free Ca2+ concentration. 

 

Therefore, the following objectives were addressed:   

1. To identify the pathways involved in the regulation of PMCA4b expression and stability in 

BRAF mutant melanoma cells.  

2. To identify pathways involved in PMCA4b degradation.  

3. To identify the role of PMCA4b stability on the migratory, metastastatic, colony and 

spheroid forming activities of BRAF mutant melanoma cells. 

4. To identify the role of PMCA4b expression and trafficking on the morphology and migratory 

behavior of BRAF mutant melanoma cells.  

5. To identify the role of PMCA4b activity and trafficking on the distribution of cytosolic Ca2+ 

levels and controlling near-actin Ca2+ concentration essential for actin remodeling and 

integrity.  
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4. Materials and Methods 

4.1. Cell culture 

 In our study, we used the following cell lines: BRAF/NRAS wild-type melanoma cells 

(MEWO), two BRAF (V600E) mutant melanoma cells (A375 and SK-MEL-28), HeLa cervix 

adenocarcinoma cells (HeLa), breast cancer cells (MCF-7). All cell lines were purchased from 

ATCC except the HeLa cell line was from ECACC. For cell culture, we used Dulbecco's 

modified Eagle's medium (DMEM) (Lonza, USA) supplemented with 10% FBS (Thermo 

Fisher Scientific, USA), 2 mM L-glutamine (Lonza) and 1% penicillin-streptomycin (Lonza). 

Cells were incubated in a humidified 5% CO2 incubator at 37˚C.  

4.2. DNA constructs for transient transfections 

 For transient transfection of the cells, the following DNA plasmids were used: pEGFP-

actin and pmCherry-C1 were purchased from Clontech Laboratories Inc., USA.  The mCherry-

PMCA4b plasmid, the pEGFP-PMCA4b-L
1167-1169

A trafficking mutant [104], the mCherry- or 

GFP-PMCA4b-DE non-functional mutants (D672E), the SB-CAG-GFP-PMCA4b-CAG-Puro 

and SB-CAG-GFP-PMCA4b-LA-Puro constructs were generated previously [81,82]. 

pCAGGS-GCaMP2-actin, Cofilin-pmCherryC1 and CMV-R-GECO1 plasmids were gifts 

from Karel Svoboda (Addgene plasmid # 18928; http://n2t.net/addgene:18928; 

RRID:Addgene_18928) [193], Christien Merrifield (Addgene plasmid # 27687; 

http://n2t.net/addgene:27687; RRID: Addgene_27687) [194] and from Robert Campbell 

(Addgene plasmid # 32444; http://n2t.net/addgene:32444; RRID: Addgene_32444), 

respectively [195]. 

 Cells were cultured in 8-well Lab-Tek II chambered coverglass (Nunc, USA) overnight.  

Then, cells were transiently transfected with one plasmid or combination as indicated in the 

experiment using FuGENE HD transfection reagent (Promega, USA) according to the 

manufacturer’s instructions. After 24 hours, medium was changed and the appropriate drugs at 

a certain concentration and at a specific time were used as indicated. 

4.3. Stable cell lines generation 

 Cell lines prepared by our laboratory: SB-CAG-GFP-PMCA4b-CAG-Puromycin 

construct was used to prepare A375-GFP-PMCA4b, HeLa-GFP-PMCA4b and MCF-7-GFP-

PMCA4b stable cell lines while SB-CAG-GFP-PMCA4b-LA-CAG-Puromycin construct was 

used to prepare the A375-GFP-PMCA4b-LA stable cell line. The protocol for their stable 

transfection is as described previously [82]. For PMCA4b Knockdown and generation of MCF-

7-Sh-4b cell line, MCF-7 cells were transfected with the PMCA4b shRNA plasmid (sc-42602-

http://n2t.net/addgene:18928
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SH, Santa Cruz Biotechnology, USA) using the FuGENE HD transfection reagent (Promega). 

After 48 hours, fresh medium was changed and Puromycin dihydrochloride (1μg/ml) (sc-

108071, Santa Cruz Biotechnology) was added for the selection. The medium with Puromycin 

was changed every 2-3 days for two weeks. Western blot was used to determine PMCA4b 

protein level after silencing. 

 SB-GCAMP6 construct kindly provided by Prof. Orban laboratory (MTA-TTK, 

Budapest, Hungary) was used to generate A375-GCAMP6 stable cell line for Ca2+ 

measurement study as described previously [196]. 

 The HEK-mCherry-MKK6EE-Dox cell line used as a model for p38 activation was 

kindly provided by the Reményi laboratory (MTA-TTK, Budapest, Hungary). For preparation, 

pEBDTet vector with a constitutively active mCherry-MKK6 fusion construct with phospho-

mimicking activation loop residues (MKK6EE) was transfected in HEK293T cells [197]. For 

selection, puromycin was added and refreshed every two days for more than a week. For 

constitutive activation of the FLAG-tagged MKK6EE doxycycline, doxycycline (Dox) (2 

µg/mL) in DMEM containing 10% FBS treatment was used and activation was confirmed by 

Western blots. Western blot was used to confirm selective activation of p38 and not that of 

ERK1/2, ERK5, or JNK using MAPK phosphorylation specific antibodies.  

4.4. Chemical Reagents  

BRAF V600E inhibitor vemurafenib (PLX4032), NF-KB inhibitor (BAY11-7082), 

JNK inhibitor (SP600125) and p38 MAPK inhibitors (SB203580 or SB202190) were 

purchased from Selleck Chemicals (Munich, Germany). For storage, inhibitors were dissolved 

in DMSO and stored at -80 ºC. The proteasome inhibitor (MG132), anisomycin, calcium 

ionophore (A23187), Cytochalasin D (cytD) and Phalloidin-TRITC for F-actin staining all 

were dissolved in DMSO. Chloroquine (CQ) and doxycycline hydrochloride (Dox) were 

dissolved in pure water. All these reagents were purchased from Sigma-Aldrich (St. Louis, 

USA) and stored at - 20 ºC. The DMSO final concentration in all experiments performed is < 

0.01% 

4.5. Cell treatments 

For cell treatments, cells were first cultured overnight in 8-well Nunc Lab-Tek II 

chambered coverglass (Nunc, USA) or 6-well plate for immunostaining or protein extraction-

western blot experiments, respectively. Then the fresh medium was added together with the 

drug as appropriate and incubation continued as indicated in each experiment. Briefly, cells 

were treated with 0.5 µM vemurafenib, 10 µM of p38, JNK, or NF-KB inhibitor, or 10 µM 
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CQ/48 hours or 50 µM CQ treatment and/or starvation were applied in the last 3 hours of the 

48 hours incubation period.  

  For the HeLa-GFP-PMCA4b cells experiment, cells were treated with 10 µM p38 

inhibitor for 48 hours and in the last one hour, 2.6 µg/ml of anisomycin was added.  

 For the HEK-mCherry-MKK6EE-Dox cells experiment, cells were transfected with 

SB-CAG-GFP-PMCA4b-CAG-Puro, as described in the previous section. After 24 hours, the 

medium was replaced with a fresh medium containing 10 µM p38 inhibitor for an additional 

25 hours. Then, for activation, a 2 µg/ml doxycycline was added alone or in combination with 

the p38 inhibitor for 24 hours.  

4.6. Quantitative real-time polymerase chain reaction  

 To measure PMCA4b mRNA level in A375, MEWO and SK-MEL-28 cells after 

treatment for 48 hours with increasing p38 inhibitor (SB202190) concentrations 1, 3, 6, 10, 30 

µM. Total RNA was first extracted from cells then cDNA was synthesized and quantified using 

Trizol reagent (Life Technologies), RevertAid Reverse Transcriptase kit (Thermo Scientific), 

and PCR-TaqMan assays (Thermo Scientific): TaqMan assays Hs00608066_m1 (PMCA4b), 

Hs99999905_m1 (GAPDH), respectively, as described previously [82]. This was done in Prof. 

Michael Grusch laboratory at the Medical University of Vienna, Vienna, Austria. 

4.7. Western blot analysis 

 To measure protein level, cells were cultured in 6-well plates for 48 or 72 hours as 

indicated in the experiment. After that, cells were washed with PBS and then incubated with 

6% TCA at 4 ºC for at least one hour. Total extract was centrifuged and precipitated proteins 

were dissolved in a modified Laemmli sample buffer (62.5 mM Tris-HCl, pH 6.8, 10% 

glycerol, 2% SDS, 5 mM EDTA, 125 mg/ml urea, 100 mM DTT and 0.28 mg/ml bromophenol 

blue). For protein concentration determination, the modified Lowry method was used. Samples 

were run in 10% or 15% acrylamide gel for protein separation and then electroblotted onto 

PVDF membranes (Bio-Rad, USA) as described previously [82]. The membrane was blocked 

with 5% milk and incubated with the appropriate primary antibody listed in Table 6. For 

detection, a horseradish peroxidase (HRP) - conjugated anti-rabbit, anti-mouse, or anti-chicken 

secondary antibodies were applied on the membrane (Jackson ImmunoResearch, dilution 1: 

10,000) and then visualized with Pierce ECL Western Blotting Substrate (Thermo Scientific). 

For densitometry analysis, ImageJ software (National Institutes of Health, USA), v1.42q was 

used. 

4.8. Immunofluorescence microscopy 
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 For PMCA4b/Ja3, EEA1, Rab7, Rab11, LAMP1, LC3A/B and vinculin 

immunostaining, cells were washed with PBS-2x then fixed with 4% paraformaldehyde (PFA) 

for 10 minutes at room temperature (R.T). Cells were washed with PBS-5x and then were 

permeabilized with ice-cold methanol for 1 min (except vinculin) and washed again with PBS-

4x. For blocking, cells were incubated in a blocking buffer (PBS containing 2 mg/ml bovine 

serum albumin, 0.1% Triton-X 100, 1% fish gelatin, 5% goat serum) for 1 hour at R.T. For 

immunostaining, the primary antibody against the protein of interest (Table 6) was applied for 

1 hour at R.T and after that cells were washed with PBS-3x.  As a secondary antibody, 

AlexaFlour-594 conjugated anti-rabbit IgG (Invitrogen, USA), AlexaFlour-488 conjugated 

anti-mouse IgG (Invitrogen), or AlexaFlour-647 conjugated anti-rabbit IgG (Invitrogen) were 

used as appropriate and were incubated for 1 hour at R.T. Cells were washed 3x and kept in 

PBS at 4ºC. In the case of vinculin immunostaining, cells were stained after that with 

Phalloidin-TRITC for 30 min at R.T then washed with PBS. For nuclei staining, DAPI (1µM) 

was applied for 10 min and then washed with PBS.  

 For HeLa-GFP-PMCA4b, HEK-mCherry-MKK6EE-Dox/transiently transfected with 

SB-CAG-GFP-PMCA4b-CAG-Puro cells, A375 cells or A375-GFP-PMCA4b cells/ 

transiently transfected with Cofilin-pmCherryC1 or co-transfected with PMCA4b-DE in A375 

cells, the cells were first washed with PBS and then fixed with 4% PFA for 10 min at R.T, 

washed again and kept in PBS. 

 For F-actin staining, cells were fixed and permeabilized similarly and then incubated 

with Phalloidin-TRIC for 20 minutes. Cells were washed and kept in PBS. 

 To investigate the effect of Ca2+ influx on actin cytoskeleton integrity. A375-GFP-

PMCA4b cells and A375 cells with or without GFP-PMCA4b-DE expressed plasmid were 

cultured in 8-well Lab-Tek II chambered coverglass (Nunc) for 48 hours. To initiate Ca2+ 

influx, 2 µM A23187 in HBSS buffer containing 2 mM Ca
2+

 (20 mM HEPES, pH 7.4, 0.9 

mM MgCl2 and 2 mM CaCl2) was added and incubated for 10 min at 37◦C. As for positive 

and negative controls, treatments with 2.5 µM cytD or 2 µM A23187 in HBSS buffer without 

Ca2+ (in the presence of 100 µM EGTA) were used, respectively. Phalloidin-TRITC staining 

was used as described previously. Area and circularity parameters were determined using 

ImageJ software, v1.42q.  

 In all experiments, images were taken by confocal laser microscopes Zeiss LSM710, or 

LSM800 using a Plan-Apochromat 40x or 63x oil immersion objectives as indicated (Zeiss, 
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Germany). Excitation wavelengths 405, 488, 543 and 633 nm were used for the acquisition of 

blue, green, red and far-red fluorescent images, respectively.  

4.9. siRNA transfection 

 A375 or A375-GFP-PMCA4b melanoma cells were cultured in a 6-well plate or 8-well 

Lab-Tek II chambered coverglass (Nunc) for western blot or immunostaining experiments. 

Next day, cells were transfected with ON-Target plus SMARTpool PMCA4b (ATP2B4) 

siRNA (50 nM, Dharmacon research, Inc, cat. # L-006118-00-005), SignalSilence® p38 MAPK 

siRNA I (100 nM, Cell Signaling Technology, cat. #65645), for knocking down PMCA4b and 

p38 MAPK, respectively. As a negative control, SignalSilence® control siRNA (50 nM, Cell 

Signaling Technology, cat. #65685) was used. The transfections were performed with 

DharmaFECT 1 transfection reagent (Dharmacon research, Inc, UK) according to the 

manufacturer’s recommendations. Next day, the medium was changed and 10 µM p38 inhibitor 

was added as indicated in the experiment for an additional 48 hours. A 30 µg protein from total 

cell lysate was analyzed by Western blot using an anti-PMCA4 (JA9) antibody. As a loading 

control, the anti-β-tubulin antibody was used. ImageJ software v1.42q was utilized for 

densitometry analysis of the Western blots. 

4.10. Transmission Electron microscopy (TEM) 

 After 48 hours of cell culture, cells were treated with 50 µM CQ for the last 3 hours, 

harvested and washed with DMEM free serum. After centrifugation, cells were fixed with 0.2 

M Na-Cacodylate, 8% glutaraldehyde, 16% formaldehyde, 29.2 mM sucrose and 1 M CaCl2 

for 1 hour. Cells were washed with 0.1 M cacodylate buffer and then 1% uranyl-acetate was 

added for contrast.  Samples were embedded into LR Gold resin and then subjected to ultrathin 

sectioning. Sections were treated with 5% H2O2 for 5 minutes, washed, treated with 0.3% Na-

borohydride, 50 mM NH4Cl, 50 mM glycine and 0.05 M TBS, washed and then blocked in 

3% milk for 30 min. For immunostaining, samples were incubated overnight with anti-GFP 

antibody (chicken, 1:100) (Invitrogen, A10262) and then secondary antibody 12 nm anti-

Chicken gold (1:40) (Jackson, 703-205-155) was applied for 4 hours. For contrast staining, Pb-

citrate was used. TEM images were taken by JEM-1011 transmission electron microscope 

(Jeol) equipped with a Morada digital camera (Olympus) using iTEM software (Olympus). 

4.11. Proliferation assay 

 Sulforhodamine B (SRB) assay was used to assess cell proliferation. A375 and A375-

GFP-PMCA4b melanoma cells were seeded in triplicate in 96-well plates at 5 x 103 cells/well. 

Next day, p38 inhibitor or vemurafenib treatments were added at the indicated concentrations 

and incubated for 48 hours. For cell fixation, 10% (w/v) trichloroacetic acid was applied for 1 
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hour at 4°C then washed with water and left to dry. For staining, 0.4% (w/v) SRB was applied 

for 15 minutes at R.T. After that, cells were washed with 1% (v/v) acetic acid solution and the 

bound SRB dye was solubilized in 10 mM Tris base solution for 10 min at R.T with agitation. 

A microplate reader (EL800, BioTec Instruments, Winooski, VT) was used for O.D 

measurement at 570 nm.  

4.12. Cell cycle analysis 

 The ratio of cells in each cell cycle phase after treatments was determined based on its 

DNA content as described previously [82]. Briefly, A375, A375-GFP-PMCA4b and MEWO 

cells were cultured in a 6-well plate. Next day, cells were treated with 10 μM p38 inhibitor 

(SB202190) or 0.5 μM vemurafenib for 48 hours. After that, cells were trypsinized, lysed with 

lysis buffer mixed with 10 µg/ml DAPI and incubated for 5 min at 37ºC. To stop the reaction 

a stabilization buffer was added and 10 μl of each sample was loaded on 8-well NC slide. For 

fluorescent quantification, the NucleoCounter NC-3000™ system (Chemometec) was used. 

4.13. Colony-forming assay 

 A375 and A375-GFP-PMCA4b cells were seeded in 6-well plates at 1 x 103 cells/well 

in triplicates. Next day, treatments with 0.5 µM vemurafenib or 10 µM p38 inhibitor 

(SB202190) were added on A375 cells and incubated for an additional 7 days. Every fourth 

day treatments were refreshed. For colony fixation, (3:1) methanol:acetic acid was applied for 

30 minutes then washed with PBS. For colony staining, 0.5% crystal violet was applied for 30 

minutes then solubilized by 2% SDS with agitation. For O.D measurement at λ570 nm, a 

microplate reader (EL800, BioTec Instruments, Winooski, VT) was used. 

4.14. Spheroid-forming assay   

 To prepare spheroids from A375 and A375-GFP-PMCA4b melanoma cells, a rounded 

bottom 96-well plate coated with 5 mg/ml poly-HEMA (2-Hydroxyethyl methacrylate, Sigma-

Aldrich) was used. A total of 150 cells/well were seeded in triplicates and incubated at 37ºC in 

a 5% CO2 incubator. On the third day, treatments with 0.5 µM vemurafenib or 10 µM P38 

inhibitor (SB202190) were added and incubated for an additional 6 days. The formed spheroids 

were photographed on days 0, 3 and 6 using a phase contrast microscope.  For analysis, ImageJ 

software v1.42q was used to measure spheroid area and radius. From these data, volume was 

calculated as described previously [198]. 

 For spheroid fixation, treated or control A375-GFP-PMCA4b spheroids was transferred 

to an 8-well Lab-Tek II chambered coverglass (Nunc, USA) and then fixed with 4% PFA for 

15 min at R.T. After that spheroids were washed with PBS-3x and then covered with 
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VECTASHIED anti-fade mounting media (BioMarker). Images with Z-stack were taken using 

Zeiss, ApoTome microscope, 10x objective. 

4.15. Reversal of multicellular spheroid (MCS) formation 

 First, Spheroids were formed from A375 and A375-GFP-4b cells similar to the previous 

section. After four days, spheroids were transferred to a regular 24-well plate for them to re-

attach and induce MCS reversal as described previously [199]. Next day, treatments with 10 

µM p38 inhibitor (SB202190) or 0.5 µM vemurafenib were added as indicated for an additional 

48 hours. During the incubation time, cells migrate from the spheroid into the plate surface. 

For cell fixation, (3:1) methanol:acetic acid solution was applied for 30 minutes and then 

washed with PBS-2x. For staining, cells were incubated with 0.5% crystal violet for 30 

minutes. To determine the extent of the migrated MCS, images were taken for the whole plate 

and the surface area for MCS was calculated by ImageJ software v1.42q. As for confocal 

microscope imaging, cells were fixed with 4% PFA then treated with 0.1% Triton X-100 

(Sigma-Aldrich) for permeabilization. For staining, Phalloidin-TRITC (Sigma-Aldrich) (0.1 

μg/ml) and DAPI (1 µM) were used to stain F-actin and nucleus, respectively. Images were 

taken by confocal laser microscopes (Zeiss, LSM800, 40x objective).   

4.16. Cell morphology analysis 

 Morphological parameters (circularity and surface area) of individual cells or cultured 

cells were determined by ImageJ software, v1.42q after applying a black mask for displaying 

cell contour on images taken by phase-contrast microscope using 4x and 10x objectives, 

respectively.  

4.17. Nearest neighbor distance analysis 

 After 48 hours cell culture in 6-well plates, phase contrast images were taken for A375-

GFP, A375-GFP-PMCA4b, A375-GFP-PMCA4b-LA, MCF-7, MCF-7-GFP-PMCA4b and 

MCF-7-Sh-PMCA4b cells. Binary images of cell centers determined by the “Particle analysis” 

function of ImageJ software, v1.42q was used to calculate the nearest neighbor distance using 

the graph plugin of ImageJ, v1.42q 

4.18. Non-directional cell motility assay 

 To follow the random cell motility, A375, A375-GFP-PMCA4b and A375-GFP-

PMCA4b-LA cells were seeded in 96-well plates. Next day, for nucleus staining, cells were 

treated with 0.1 μM Hoechst 33342 for 1 hour. Images were taken automatically every 30 min 

for 24 hours and the fluorescence signals for Hoechst and GFP were recorded. In all 

experiments, cells were kept at 37°C and 5% CO2.  The software, microscope and motility 
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analysis used were as described previously [94]. Single cell motility time-lapse movies were 

created from the several images taken during the experiment. 

4.19. Directional cell migration assay  

 A375, A375-GFP-PMCA4b, A375-GFP-PMCA4b-LA cells were cultured in a 6-well 

plate. Next day, A375 and A375-GFP-PMCA4b cells were treated as described in the 

experiment and cultured for 48/72 hours as indicated. After that cells were harvested and 

directional migration was assessed using the modified Boyden chamber assay [94]. Briefly, 

cells were seeded into the upper 48-well Boyden chamber (Neuro probe, USA) and the 

attractant 100 μg/ml fibronectin (Merck KGaA, Germany) prepared in serum-free medium was 

added to the lower chamber. In between, an uncoated Nucleopore membrane (Whatman, 

Germany) with 8 μm pore diameter was used. After 3 hours of incubation at 37 ºC and 5% CO2, 

the cells at the upper side of the membrane were removed by scraping while migrated cells at 

the lower side were fixed with methanol and then stained with Toluidine blue. Light 

microscopic images were taken using a 10x objective lens and the number of migrated 

cells/field was counted. 

4.20. Ca2+ signal measurements 

 In all experiments where Ca2+ signal measurement is needed, cells were seeded in 8-

well Lab-Tek II chambered coverglass (Nunc, USA). Next day or after treatments, to initiate 

Ca2+ influx, a 2 M Ca2+ ionophore A23187 (Sigma-Aldrich) was added to the cells in HBSS 

buffer (20 mM HEPES, pH7.4, 0.9 mM MgCl2, 2 mM CaCl2 and 10% FBS) after washing cells 

2x with the same buffer. For fluorescent detection, live-cell imaging or images were taken 

using Olympus IX-81/Zeiss LSM710 confocal laser microscope or Carl Zeiss Z1 microscope 

equipped with a Yokogawa CSU-X1 spinning-disk confocal module (Zeiss, Germany) every 

0.3 seconds or 15 seconds using 60x or 100x oil objective, respectively.  The relative 

fluorescence intensities were calculated as F/F0 (where F0 was the average initial fluorescence) 

using Fluoview FV500 software v4.1. or ImageJ software, v1.42q as indicated and data were 

analyzed using a GraphPad Prism software v5.01. Cells were kept at 37 ºC and 5% CO2 during 

the whole experiment. 

 In the case of the A375-GCAMP6 cells experiment, treatments with 0.5 µM 

vemurafenib or 10 µM P38 inhibitor (SB202190) were applied for 48 hours before ionophore 

addition. During live-cell imaging, a GCAMP6 fluorescent signal was detected. 

 For near actin Ca2+ signal measurement, A375 cells were co-transfected with pCAGGS-

GCAMP2-actin and one of the following plasmids: mCherry-PMCA4b or mCherry-PMCA4b-
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DE and cultured for 48 hours before ionophore addition. During live-cell imaging, both 

GCAMP2 and mCherry signals were detected. Images were captured before, during (peak), 

and after the addition of A23187 by 7 min. The software ZEN 2.3 (blue edition) was used to 

create videos.  

 For determining the distribution of basal cytosolic Ca2+ concentration, A375, A375-

GFP-PMCA4b and A375-GFP-PMCA4b-LA cells were transfected with CMV-R-GECO1 

plasmid for 48 hours before ionophore addition. A line plot was drawn across the cells and R-

GECO fluorescent signal was analyzed using ImageJ software, v1.42q. 

4.21. Live-cell imaging 

 For live-cell imaging of actin in cells, we cultured A375 cells in 8-well Lab-Tek II 

chambered coverglass (Nunc, USA). Next day, the cells were co-transfected with GFP-actin 

and one of the following plasmids: pmCherry-C1, mCherry-PMCA4b, or mcherry-PMCA4b-

DE for 48 hours. HBSS buffer (20 mM HEPES, pH7.4, 2 mM CaCl2, 0.9 mM MgCl2 and 10% 

FBS) was used for cell washing and as a live-cell imaging medium. To initiate Ca2+ influx, a 2 

M A23187 in was added. As positive and negative controls, 2 M A23187 in HBSS buffer 

without Ca2+ (in presence of 100 µM  EGTA) and 2.5 µM cytD were used, respectively. All 

treatments were done at 37 ºC for 10 min. Live-cell imaging for GFP and mCherry fluorescence 

signals were acquired after excitation at 488 and 5561 nm, respectively. Z-stack images were 

taken every 15 seconds using Carl Zeiss Cell observer SD microscope equipped with a 

Yokogawa CSU-X1 spinning-disk confocal module (Zeiss, Germany), 100x 1.4 N.A., oil 

immersion objective. Data were presented as 3D images at zero, 5 and 10 min time intervals. 

Movies were created from a single Z-stack using ZEN 2.3 (blue edition) software. 

Morphological parameters (circularity and surface area) and Kymographs were analyzed by 

ImageJ software v1.42q. 

4.22. Fluorescence recovery after photobleaching (FRAP) 

 The type of cells and DNA plasmid combination used were as described in the previous 

section. Phenol-free complete DMEM medium containing 25 mM HEPES (Gibco) were used 

as a live cell imaging medium and cells were kept at 37ºC in all FRAP experiments. Both GFP 

and mCherry fluorescent signals were detected simultaneously using solid-state lasers (488 nm 

and 546 nm) of a Carl Zeiss Cell Observer SD microscope equipped with a Yoko-gawa CSU-X1 

spinning-disk confocal module. At the end of the experiment, differential interference contrast 

(DIC) images were taken. Three regions of interest (ROI) were determined for GFP-actin 

photobleaching: cell-free edge, cell connections and ruffles (lamellipodia). A 488 nm bleaching 
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laser with 40x 1.4 N.A. oil immersion objective was used at 20-40% intensity (RAPP UGA-42 

Firefly 2L system) for photobleaching. Images were acquired every 0.2 s over 120 s time 

interval. Mean fluorescence intensity of a non-bleached region, background and ROI were 

analyzed using ImageJ software, v1.42q. Relative GFP-actin fluorescent intensity was 

calculated from data imported into Microsoft excel software 2016 (Microsoft Corporation by 

Impressa systems, USA) as follows: background intensity was removed from each ROI and at 

every time point, then the calculated ROI intensities were divided by a reference area intensity 

measured from a surrounding un-bleached cell. For normalization, the post-bleach intensities 

were normalized to the first 10 pre-bleach time points mean. For FRAP data analysis, post-

bleach data of the first 90 seconds was introduced into GraphPad Prism software v5.01 

(GraphPad Software Inc., USA) and non-linear regression analysis was performed on the post-

bleach sections to calculate both half time of FRAP recovery curve (t1/2) and the mobile 

fraction. Carl Zeiss Z1 microscope equipped with a Yokogawa CSU-X1 spinning-disk confocal 

module (Zeiss, Germany), 40x, oil objective was used.  

4.23. Statistical analysis 

 All data were presented as the mean ± standard deviation or error (SD, SEM) from two 

to three independent experiments as indicated. For comparison of two groups, an unpaired t-

test was used. Chi-square test was used to test relationships between two categorical variables 

(stress fibers or lamellipodia count). For comparisons between control and experimental 

groups, we used one‐way analysis of variance (ANOVA) with Dunnett's multiple comparison 

post-hoc test. In the case of an experiment with different doses vs days or morphological data 

vs time, a two-way ANOVA was used followed by Bonferroni post-hoc test. Data with p < 0.05 

is considered significant.  P-values donated with < 0.05, < 0.005 and < 0.001 represent asterisks 

*, **, and ***. All statistical analysis described were performed by GraphPad Prism software 

(v5.01). 
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5. Results 

5.1. p38 MAPK modulates PMCA4b stability. 

5.1.1. Inhibition of p38 MAPK increased PMCA4b abundance in BRAF mutant 

melanoma cells but that of the JNK and NF-κB pathways did not. 

 Previously, we reported that PMCA4b is downregulated in BRAF mutant cells and 

inhibition of the MAPK pathway upregulated its expression at both the mRNA and protein 

levels [82]. In order to identify additional regulators of PMCA4b in BRAF mutant melanoma 

cells, we investigated the p38 MAPK, JNK and NF-κB pathways, which have been reported to 

be active in these cells [18–20]. Using specific inhibitors of JNK (SP600125), NF-κB (BAY11-

7082) and p38 (SB203580, P38i-1 and SB202190, p38i-2), we found that inhibition of the p38 

MAPK pathway resulted in PMCA4b protein level enhancement in BRAF mutant (A375) but 

not in BRAF wild type (MEWO) melanoma cells (Figure 11). p38 inhibition reduced p-ERK 

level in A375 cells, however, less effectively than vemurafenib did. This effect may indicate 

cross-talk between BRAF and p38 MAPK pathways or could be a result of limited inhibitor 

specificity.  

 

Figure 11. BRAF and p38 MAPK but not JNK or NF-κb are involved in the regulation of 

PMCA4b abundance in BRAF mutant melanoma cells. BRAF mutant (A375) and BRAF 

wild (MEWO) type cells were cultured in 6-well plates and 10 µM of each inhibitor were 

applied for 48 hours as indicated. Vemurafenib with 0.5 µM treatment was used as a positive 

control. The protein expression level of PMCA4b, P-ERK and ERK was analyzed by Western 

blots. Data were normalized to β-tubulin. Bars indicate means ± SE from three independent 

experiments. 
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Similarly, in BRAF mutant melanoma cells (A375 and SK-MEL-28) treatment with the 

p38 MAPK inhibitor (p38i-2) for 48 hours showed a significant increase in PMCA4b protein 

level in a dose dependent manner. In contrast, no PMCA4b upregulation was observed at the 

mRNA level with the exception at a high p38i-1 concentration (30 µM). No additive effect 

could be detected when p38i and vemurafenib were combined (Figure 12). Using the p38 

inhibitor at the effective dose (10 µm) and at different time points showed that an increase in 

protein but not mRNA level is significant at 48 hours (Figure 13). These data suggest that the 

p38 MAPK pathway regulates PMCA4b steady-state level post-translationally. In the 

following experiments we used 10 µM p38i-2 and 48 hours incubation time as an optimal 

treatment option.  

 

Figure 12.  Inhibition of P38 MAPK increases PMCA4b abundance at the protein level 

without affecting its expression at the mRNA level. A dose-response curve. (A) 

Concentration dependent treatment of BRAF mutant (A375 and SK-MEL-28) and BRAF wild 

(MEWO) type cells with p38i-2 inhibitor for 48 hours. A combination of vemurafenib and 

p38i-2 was tested in A375 and MEWO cells. Protein expression level of PMCA4b, P-ERK and 

ERK was determined by western blot. Data were normalized to β-tubulin. The graph represents 

the densitometry analysis of Western blot using the ImageJ software. Bars indicate means ± 

SE from three independent experiments. (B) Same experiment in (A) with p38i-1 and p38i-2 
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treatments for 48 hours. Total RNA was extracted and qPCR was performed to analyze 

PMCA4b mRNA level.  Data indicate means ± SE from three independent experiments.  

 

Figure 13. A relatively long exposure to the p38 inhibitor is needed to reach a new 

PMCA4b steady-state protein level. (A1+A2) A 10 μM of p38i-1or p38i-2 inhibitor was 

added to A375 and MEWO cells at different timing as indicated. The protein levels of PMCA4b 

was determined by Western blot. Data were normalized to β-tubulin. The graph represents the 

densitometry analysis of Western blot using the ImageJ software. Data indicate means ± SE 

from three independent experiments. (B) Using the same experiment condition in (A1), total 

RNA was extracted and qPCR was performed to analyze PMCA4b mRNA level. Data indicate 

means ± SD from three independent experiments.  

 

According to the literature, the p38 MAPK pathway is activated in A375 BRAF mutant 

melanoma cells, therefore, we tested the effect of p38i-2 on its substrate HSP27.  In good 

accordance with previous findings [18,200], high levels of phosphorylated HSP27 (p-HSP27) 

could be detected in the control cells confirming that p38 MAPK was active in BRAF mutant 

cells.  Treatment of the cells with p38i-2 induced dephosphorylation of p-HSP27 and the level 

of p-HSP27 decreased (Figure 14). Since the p38 MAPK pathway is already activated in BRAF 

mutant melanoma cells the p38 MAPK activator anisomycin increased the p-HSP27 level 

slightly but not significantly. Treatment of the cells with p38i-2 alone or in combination with 

anisomycin induced dephosphorylation of p-HSP27 and the level p-HSP27 decreased. This 

experiment also provides confirmation on the specificity of the p38 inhibitor used in this study.   
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Figure 14. P38 inhibitor reduces phosphorylation of HSP27 in BRAF mutant but not in 

BRAF wild type melanoma cells. Cells were treated with 0.5 µM vemurafenib, 10 µM p38i-

2 or 2.6 µg/ml anisomycin (positive activator of p38) alone or in combination as indicated in 

the figure for 48 hours. Protein expression level of PMCA4b, P-ERK, ERK, P-HSP27 and HSP 

was determined by Western blot. Data were normalized to β-tubulin. Bars indicate means ± SE 

from three (A375) and two (MEWO) independent experiments. 

 

5.1.2. The enhanced PMCA4b abundance increased Ca2+ clearance from BRAF mutant 

melanoma cells.  

Previously, we showed that vemurafenib treatment enhanced the abundance of 

PMCA4b in the plasma membrane that resulted in  increased Ca2+ extrusion capacity of the 

cells [82]. Similarly, we show here that p38 inhibition increased the endogenous PMCA4b 

steady-state protein level in the plasma membrane using confocal microscopy (Figure 15A). 

To examine if the increased  PMCA4b abundance in response to p38i-2 affected Ca2+ clearance 

capacity of the cells, we used A375 melanoma cells stably transfected with the genetically 

encoded green fluorescent Ca2+ sensor GCAMP6f [196]. Cells were treated with p38i-2 and 48 

hours after treatment changes in fluorescence of GCAMP6f was monitored after the addition 

of 2 µM Ca2+ ionophore A23187. A23187 was used to allow Ca2+ entry into the cells 

independent of the plasma membrane Ca2+ channels. Analysis of the fluorescence signal 

showed nearly doubled cytosolic Ca2+ clearance rate after the peak in response to p38i-2 

treatment (T1/2= 74.6 ± s) compared to the control, not treated A375 melanoma cells (T1/2= 

181.1 ± s) (Figure 15B). These results indicate that - similarly to vemurafenib (T1/2= 81.8 ± s) 
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- p38i-2 treatment can increase Ca2+ clearance from A375 cells by increasing the abundance of 

PMCA4b at the plasma membrane. 

 

Figure 15. P38 inhibitor enhances Ca2+ clearance from A375 cells by increasing PMCA4b 

at the plasma membrane. (A) Confocal microscopy images of A375 cells immunostained 

with anti-PMCA4b antibody (JA3) after treatment with 0.5 µM vemurafenib and 10 µM p38i-

2 for 48 hours. Scale bar, 20µm. (B) For intracellular Ca2+ signal measurement, a 2 µM A23187 

(arrow) was added to initiate Ca2+ entrance in A375-GCAMP6f cells after treatment with 0.5 

µM vemurafenib and 10 µM p38i-2 for 48 hours. Live cell imaging of GCAMP6 signal was 

detected for 10 minutes. A total of 14-15 cells were analyzed and data were represented as 

fluorescent intensity values (F/F0) ± SE of two independent experiments. Bars represent half 

peak decay time mean ± SE.  

 

5.1.3. Inhibition of P38 MAPK pathway increased PMCA4b stability  

Treatment of BRAF mutant melanoma A375 cells with p38i-2 markedly increased 

PMCA4b abundance at the protein level without having significant effect at its mRNA level, 

therefore, we assumed that p38 MAPK affected PMCA4b stability. To test this hypothesis, we 

treated A375 cells with vemurafenib for 48 hours. During this treatment the expression of 

PMCA4b is increased as shown in Figure 16. Then we removed vemurafenib and tested 

PMCA4b expression after an additional 24 and 48 hours by Western blotting. As shown in 

figure 16A, after vemurafenib removal high p-ERK levels were quickly restored and the 

PMCA4b abundance decreased to its low basal steady-state level within 48 hours. The addition 

of either p38i-2 or the lysosome inhibitor CQ prevented PMCA4b protein degradation, and 
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pERK was also reduced slightly by p38i-2 suggesting cross-talk between the pathways (Figure 

16A). 

To investigate further the effects of p38i-2 and CQ we used a stable A375 cell line 

expressing GFP-PMCA4b and examined the subcellular localization of the pump by confocal 

microscopy. As shown in Figure 16B, GFP-PMCA4b positive perinuclear vesicles were 

observed in control cells and their number further increased with CQ treatments. This indicated 

that CQ inhibited PMCA4b degradation at the lysosomal level. Importantly, p38 MAPK 

inhibition reduced the number of the GFP-PMCA4b positive vesicles almost completely even 

in the presence of CQ suggesting that p38 MAPK mediated internalization and subsequent 

degradation was responsible for the low steady-state PMCA4b abundance in BRAF mutant 

melanoma cells. Similarly, vemurafenib was able to block PMCA4b internalization suggesting 

that the BRAF pathway was also involved in PMCA4b degradation – at least partly through 

the activation of p38 MAPK - that may explain the lack of additivity of the corresponding 

inhibitors.      

 

Figure 16. Both p38 inhibitor and chloroquine protect PMCA4b from degradation, 

however, while chloroquine (CQ) trapes PMCA4b in intracellular vesicles p38 inhibitor 

holds it in the plasma membrane. (A) A375 cells were incubated with vemurafenib for 48 

hours and then removed for additional 24 or 48 hours. As vemurafenib removed 10 µM p38i-
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2 inhibitor or 10 µM CQ was added to the medium. The protein expression level of PMCA4b, 

P-ERK and ERK was determined by Western blot. Data were normalized to β-tubulin. Bars 

indicate means ± SE. (B) A375-GFP-PMCA4b cells were treated with 10 µM p38i-2 inhibitor 

or 0.5 µM vemurafenib for 48 hours and 50 µM CQ for 3 hours alone or in combination as 

indicated. GFP signal was detected using confocal microscopy, 40x objective. Scale bar, 20 

µm. The number of GFP-PMCA4b positive perinuclear vesicles/cell were counted (eight 

cells/group) and represented as a means ± SE. 

 

5.1.4. Activation of p38 MAPK enhanced PMCA4b degradation through the 

endolysosomal system  

To investigate the degradation pathway of PMCA4b we immunostained A375-GFP-

PMAC4b cells with specific endolysosomal and autophagic markers including the early 

endosomal marker EEA1 (early endosomal antigen 1), the late endosomal marker Rab7 (Ras- 

related protein-7), the lysosomal marker LAMP1 (lysosomal-associated membrane protein 1), 

the recycling endosomal marker Rab11 (Ras-related protein-11) and the autophagosome 

marker LC3 (microtubule-associated protein 1A/1B-light chain 3) (Figure 17A and B). In 

control cells, 9.3% of the total GFP-PMCA4b vesicles were EEA1 positive. Starvation 

increased the proportion of EEA1 positive vesicles to 23.5%. Treatment of the cells with the 

p38 MAPK inhibitor p38i-2 the formation of EEA1 positive GFP-PMCA4b vesicles were 

nearly fully diminished even after starvation indicating that p38 MAPK activity induced 

PMCA4b internalization and degradation at the early endosomal level (Figure 17A). Further 

analysis of GFP-PMCA4b trafficking showed that most of the GFP-PMCA4b vesicles co-

localized with Rab7 (28.8%) and LAMP1 (43.4%) and less Rab11 (8.3%) markers. Only 4.6% 

of the vesicles co-localized with the autophagic marker LC3. Similarly, a transmission electron 

microscopy experiment showed GFP-PMCA4b positive puncta in an autolysosome of A375-

GFP-PMCA4b cells (Figure 17C).  No contribution of the proteasome system could be detected 

in PMCA4b degradation since the proteasome inhibitor MG132 did not show any effect on 

PMCA4b protein level (Figure 17D). In conclusion, we found, for the first time, that PMCA4b 

is degraded through the endolysosomal system and that the p38 MAPK pathway was involved 

(Figure 17E).  
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Figure 17. p38 inhibitor prevents PMCA4b internalization and subsequent degradation 

through the endolysosomal system. (A) A375-GFP-PMCA4b cells were treated with 10 µM 

p38i-2 for 48 hours with or without starvation (3 hours). Images were taken with confocal 

microscopy after EEA1 immunostaining. Co-localized GFP-PMCA4b and EEA1 vesicles 

(yellow) from 6 cells/group were counted. Bars represent % of co-localized vesicles means ± 

SE. Scale bar, 20 µm. (B) A375-GFP-PMCA4b cells were cultured for 48 hours and CQ was 

added in the last 3 hours as indicated. Cells immunostained for Rab7, Rab11, LAMP1 and LC3 

were analyzed under a confocal microscope. The numbers of co-localized vesicles with GFP-

PMCA4b for 7-9 cells/group were counted. Bars represent % of co-localized vesicles means ± 
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SE. Scale bar, 20 µm. (A+B) Insets show magnified part of a cell, Scale bar, 10 µm. 

Arrowheads indicate co-localization of GFP-PMCA4b with marker tested. (C) A375-GFP-

PMCA4b cells were fixed and then immunostained with anti-GFP antibody after treatment 

with CQ for 3 hours. Then cells were processed and imaged by JEM-1011 transmission electron 

microscope (Jeol). Arrowheads represent positive PMCA4b protein. (D) A375 cells were 

cultured in a 6-well plate and treated with MG132 at 10 and 20 µM for 6 hours. The protein 

expression level of PMCA4b, P-ERK and ERK was analyzed with Western blot. β-tubulin was 

used as a loading control. The experiment was run three times. (E) The chart shows PMCA4b 

degradation through the endolysosomal system. 

 

5.1.5. p38 MAPK modulates PMCA4b internalization in HeLa and HEK cell model 

systems.  

 To confirm that p38 MAPK acts as a modulator of PMCA4b trafficking we used two 

additional human cell models. Previously, it was reported that HeLa cells have low basal p38 

MAPK activity [201], therefore, we used a HeLa cell line stably expressing GFP-PMCA4b and 

induced p38 MAPK activation with anisomycin. A strong increase in the number of GFP-

PMCA4b positive intracellular vesicles was detected after 1 hour of anisomycin treatment that 

was blocked nearly completely by the addition of p38i-2. On the contrary, p38i-2 treatment 

alone – without ionomycin - did not show any effect on PMCA4b localization in correlation 

with the low basal p38 activity of these cells (Figure 18).  

 

Figure 18. p38 MAPK acts as a modulator of PMCA4b internalization in HeLa cells. 

HeLa-GFP-PMCA4b cells were treated with 10 µM of p38i-2 (48 hours) or 2.7 µg/ml 

anisomycin (1 hour) alone or in combination. Images were taken using confocal microscopy, 

40x objective. Scale bar, 20 µm. 
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  To confirm that p38 MAPK was responsible for the increased internalization of 

PMCA4b, we used a HEK-mCherry-MKK6-Dox cell line in which doxycycline treatment 

induced p38 MAPK activation. Western blot analysis showed that p38 MAPK activity is 

increased within 24 hours of doxycycline treatment as supported by the high levels of both p-

P38 and its substrate P-HSP27. p38i-2 treatment inhibited phosphorylation of the p38 MAPK 

substrate HSP27 confirming proper functioning of the model system (Figure 19A). Then we 

transfected HEK-mCherry-MKK6-Dox cells with GFP-PMCA4b and tested its localization by 

confocal microscopy. As shown in Figure 19B, p38i-2 treatment did not affect the localization 

of GFP-PMCA4b in the control cells without doxycycline, whereas it was able to block 

doxycycline treatment induced GFP-PMCA4b internalization. All these data confirm that p38 

MAPK can act as a modulator of PMCA4b stability in different cell types by enhancing its 

internalization and subsequent degradation through the endolysosomal pathway.    

 

Figure 19. p38 MAPK acts as a modulator of PMCA4b internalization in doxycyclin 

inducible HEK-mCherry-MKK6 cells. (A) HEK-mCherry-MKK6EE-Dox inducible cells 

were treated with 10 µM p38i-2 for 25 hours and in the last 4 or 24 hours incubation 2 µg/ml 

doxycycline was added to the medium for MKK6 induction. The protein expression level of 

PMCA4b, PP38, P38, P-HSP27 and HSP-27 was analyzed with Western blot. β-tubulin was 

used as a loading control. (B) After 24 hours transfection of HEK-mCherry-MKK6EE-Dox 

cells with SB-CAG-GFP-PMCA4b-CAG-Puro construct, cells were treated with 10 µM p38i-

2 for an additional 25 hours. During the last 24 hours of p38i-2 treatment, 2 µg/ml doxycycline 

was added to induce MKK6. Images were taken using confocal microscopy, 40x objective. 

Scale bar, 20 µm. Arrowheads indicate GFP-PMCA4b positive vesicles. Images shown next to 

each picture represents the mCherry signal for the same cells. Scale bar, 20 µm. 
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5.2. Inhibition of p38 MAPK reduced melanoma cell migration, metastatic activity, 

colony and spheroid formation without affecting cell viability.  

5.2.1. Changes in cell cycle progression and cell viability after p38 inhibitor treatment. 

 It was reported that inhibition of p38 MAPK may affect cell viability and cell cycle 

progression in cancer cells, therefore, we examined the effect of p38i-2 on these processes in 

A375, A375-GFP-PMCA4b and MEWO cells. As shown in Figure 20A, p38i-2 treatment 

reduced cell viability of both A375 and A375-GFP-PMCA4b cells at high inhibitor 

concentrations (IC50 = 31.17 µM) with no significant differences between the cell types. It is 

important to note that at the p38i-2 effective dose (10 µM), 75.3% of cells were viable. No 

effect of p38i-2 on cell viability in BRAF wild type cells (MEWO) could be detected (Figure 

20A). In contrast, vemurafenib reduced significantly cell viability at low inhibitor 

concentration (IC50 = 0.19 µM) in BRAF mutant A375 cells. As expected, no effect of 

vemurafenib on viability of BRAF wild type MEWO cells could be detected. 

Cell cycle analysis after p38i-2 treatment showed a significantly reduced number of 

cells in both S and G2/M phase that in turn significantly increased the number of cells in the 

Go/G1 phase in both A375 and A375-GFP-PMCA4b cells. However, in contrast to the 

vemurafenib treatment that showed significant cytotoxicity, p38i-2 treatment displayed low 

cytotoxicity as cells did not accumulate in the Sub-G1 phase. Neither cell proliferation nor cell 

death was affected by p38i-2 or vemurafenib treatment in BRAF wild type cells (MEWO) 

(Figure 20B). In addition, PMCA4b over-expression in A375 cells did not affect any of the cell 

cycle phases and hence cell proliferation in agreement with the results of the BrdU 

incorporation assay reported previously [82]. 
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Figure 20. P38 inhibitor displays low cytotoxicity while induces cell cycle arrest in BRAF 

mutant but not in BRAF wild type cells. (A) A375, A375-GFP-PMCA4b and MEWO cells 

were cultured in a 96-well plate. Next day, cells were treated with eight increasing 

concentrations of p38i-2 and vemurafenib and incubated for 48 hours. Viability was assessed 

by SRB assay. Data represent the % of viable cells ± SE of three independent experiments. (B) 

The same cells in (A) were treated with 0.5 μM vemurafenib or 10 μM p38i-2 for 48 hours. 

Then cell cycle was analyzed based on DNA content and the ratio of cells in each sub-phase 

was determined. Data indicate means ± SE of three independent experiments. 

 

5.2.2. The effect of p38 inhibitor on colony formation 

Next we investigated the effect of p38i-2 on colony formation. As shown in Figure 21, 

similar to vemurafenib, p38i-2 significantly reduced colony formation in A375 cells. PMC4b 

over-expression, on the other hand, induced significant changes in colony morphology rather 

than a reduction in cell density. In the case of A375 cells, the cells grew over each other and 

formed aggregates while A375-GFP-PMCA4b cells formed flat monolayer. Interestingly, 

p38i-2 treated A375 cells showed similar monolayer formation as seen in the case of the 
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PMCA4b over-expressing cells underlining the importance of PMCA4b in cell morphology 

changes.   

 

Figure 21. P38 inhibitor reduces colony formation in A375 melanoma cells. A375 cells 

were cultured in 6-well plates. Next day, cells were treated with 0.5 μM vemurafenib or 10 μΜ 

p38i-2 for 6 days. A375-GFP-PMCA4b cells were cultured in parallel. Treatments were 

refreshed on the fourth day. Cells were fixed and stained with 0.5% crystal violet. Bars 

represent normalized O.D mean ± SD of three independent experiments. 

 

5.2.3. Spheroid formation is moderately affected by p38 inhibitor treatment and/or 

PMCA4b over-expression in A375 melanoma cells. 

 Spheroid formation is a very useful tool to test new compounds on cancer cell 

proliferation and viability [202]. To study the effect of p38i-2 and vemurafenib on spheroid 

formation, A375 cells were grown for 3 days on poly-HEMA coated 96-well plates to allow 

spheroids to form and after that treatments were added at the effective doses for additional 6 

days. A375-GFP-PMCA4b spheroids were grown for the same total of 9 days. As shown in 

Figure 22A1, p38i-2 treatment reduced A375 spheroid volume although less effectively than 

vemurafenib. A375-GFP-PMCA4b spheroids showed significant volume reduction compared 

to the parental cells. The reduced spheroid size of the PMCA4b expressing cells could be a 

result of a delay in compact spheroid formation. (Figure 22A2).  Interestingly, no spheroids 

were formed from the BRAF wild type cells (MEWO) using the same culture conditions 

(Figure 22B).  

 Integrins are a family of proteins that link the extracellular matrix with the actin 

cytoskeleton, and some are involved in spheroid formation [203]. A study showed that β4-

integrin is involved in epithelial cell migration and cancer cell invasion [204]. Therefore, we 

investigated if β4-integrin expression is affected by p38i-2 treatment or by PMCA4b over-

expression in melanoma cells. As shown in Figure 22C1, β4-integrin is highly expressed in 

A375 cells while no β4-integrin could be detected in the BRAF wild type MEWO cells. Both 
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p38i-2 treatment and PMCA4b over-expression reduced β4-integrin expression in A375 cells 

suggesting that increasing PMCA4b abundance could result in reduced β4-integrin expression 

and hence in a delay in spheroid formation and reduced spheroid size (Figure 22C2).  

 

 

Figure 22. Spheroid growth is reduced with PMCA4b expression and/or p38i-2 treatment 

in A375 melanoma but not in MEWO cells. (A1) For spheroid formation, A375 and A375-

GFP-PMCA4b cells were cultured in POLY-HEMA treated 96-well plate for 9 days. On third 

day, (Day 0) 0.5 μM vemurafenib or 10 μM p.38i-2 treatments were added. Images were taken 

on days 0 and 6 by phase contrast microscope, 4x objective. Spheroid volume was calculated 

based on area and radius determination. Data represent means ± SD of three independent 

experiments. (A2) Confocal microscopy images of A375-GFP-PMCA4b spheroid formed 

similar to the previous section; however, on the third day 0.5 μM vemurafenib or 10 μM p38i-

2 treatments were added for 48 hours. Z-stack images were taken for spheroids after fixation 

using Axio Imager.M2 microscope (ZEISS) with an ApoTome2 grid confocal unit (ZEISS), 

20x objective. Scale bar, 100 µm. (B) A375, A375-GFP-PMCA4b and MEWO spheroids were 

formed for 4 days. Phase-contrast microscope images were acquired on days 1 and 4. (C1+C2) 

same cells were cultured for 48 hours and A375 cells were treated with 10 μM p38i-2. Proteins 

level of PMCA4b and β4-integrin were determined by Western blot. β-tubulin was used as a 

loading control. Experiment was repeated three times.  

 

5.2.4 A375 melanoma cell migration and metastatic activity is reduced by p38 inhibitor 

treatment in a PMCA4b dependent manner.  
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Previously we reported that PMCA4b can act as a metastatic suppressor through its 

ability to reduce cell migration [82]. To assess if p38i-2 can affect melanoma cell migration, 

we used a Boyden chamber assay where cells migrate towards fibronectin as attractant. As 

shown in Figure 23, p38i-2 decreased migration of A375 cells by 63%. Knocking down 

PMCA4b expression with siRNA (Figure 23B1 and B2) increased the number of migrated cells 

and reversed the effect of p38i-2 by 33.6% (Figure 23A, B1 and B2) suggesting that PMCA4b 

played a role. The cells treated with the negative siRNA did not show any of these effects. 

Further, we tested if p38 MAPK inhibition was indeed responsible for the reduced migratory 

character of the cells, cells were treated with p38 MAPK siRNA that reduced p38 MAPK 

expression by 60%. As shown in Figure 23A1 and B3, the decrease in p38 MAPK expression 

resulted in a significant 54.5% decrease in cell migration suggesting that p38 MAPK is 

essentially involved in the regulation of migration activity of BRAF mutant cells.    
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Figure 23. P38 MAPK inhibition or knockdown strongly decreased A375 melanoma cell 

migration in a PMCA4b dependent manner. (A) Directional migration of A375 and A375-

GFP-PMCA4b cells was assessed using Boyden chamber assay after treatment with 10 µM 

p38i-2 or 0.5 µM vemurafenib for 48 hours +/- siRNA as indicated. Images (n=4) were 

captured for the lower membrane side and cells were counted. Bars represent the average 

number of migrated cells/field means ± SD of two independent experiments. (B1, B2, B3) Cells 

were transfected with siRNAs for 72 hours or p38i-2 for 48 hours alone or in combination as 
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indicated. Protein expression level of PMCA4b and p38 was determined by Western blot. β-

tubulin was used as a loading control. The experiment was repeated three times. 

 

 Next, we used an in vitro model - reversal growth of anchorage-independent 

multicellular spheroid (MCS) into monolayer [199] - to test the metastatic activity of A375 

cells. To study the effect of p38i-2 on the metastatic activity of A375 and A375-GFP-PMCA4b 

cells, we prepared spheroids as described in the previous section. On the fourth day of growth 

spheroids were transferred to a 24-well plate and treated with p38i-2 and vemurafenib for 48 

hours (Figure 24A). The surface area for each metastatic MCS generated by the outgrowth of 

cells into monolayer was calculated. A significant reduction in surface area of metadtatic MCS 

was observed in response to p38i-2 (54.6%) and vemurafenib (28.9%) treatments. As expected, 

GFP-PMCA4b expression itself caused a dramatic reduction in MSC metastasis compared to 

the parental A375 cells (Figure 24B).  Moreover, confocal microscopy images of A375-GFP-

PMCA4b spheroids showed lower GFP-PMCA4b signal at the outer layer of the monolayer 

where cells start to migrate (Figure 24C) in agreement with the notion that cells migrate faster 

when PMCA4b abundance is low. All these data highlight the importance of the p38 MAPK 

pathway and PMCA4b in A375 melanoma cell migration and metastasis.  
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Figure 24. The metastatic activity of A375 spheroids is reduced with PMCA4b expression 

and/or treatment with p38 and BRAF inhibitors in vitro. (A+B) Three days formed 

spheroids were transferred to 24-well plates then 0.5 μM vemurafenib or 10 μΜ P38i-2 were 

added for 48 hours. Phase-contrast microscope images were acquired, 4x and 10x objectives. 

Cells then were fixed and stained with 0.5% crystal violet. The surface area was calculated 

using ImageJ software.  Bars represent means % relative surface area to the control ± SD of 

three independent experiments. (C) Confocal microscope images of these spheroids were taken 

after fixation and staining with Phalloidin-TRITC and DAPI. Scale bar, 20 µm. 

 

5.3. PMCA4b activity and trafficking are essential for migration and actin cytoskeleton 

reorganization of BRAF mutant melanoma cells. 

5.3.1. The trafficking mutant PMCA4b-LA is not effective in changing A375 cell culture 

morphology and motility. 

 Earlier we showed that the shape of A375 cells is markedly affected by PMCA4b over-

expression [82]. Several studies on a variety of different cell types have reported that endocytic 
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protein trafficking can regulate cell motility [205–207]. Previously, we identified an 

internalization signal (di-leucine like 1167 LLL) near the C-terminus of PMCA4b.  Changing 

these leucines to alanines resulted in a mutant pump PMCA4b-LA with impaired endocytosis 

and enhanced plasma membrane expression [104]. To investigate if proper trafficking was 

essential in changing cell morphology and migration of A375 melanoma cells we used cell 

lines stably expressing GFP, GFP-PMCA4b or the trafficking mutant GFP-PMCA4b-LA 

(Figure 25 and 26). Phase contrast microscopy images of single cells show that A375 cells 

expressing the trafficking mutant GFP-PMCA4b-LA showed spindle-shaped mesenchymal 

character with protrusions with no significant change in area and circularity parameters could 

be detected when compared to the control cells. In contrast, the A375 cells expressing GFP-

PMCA4b showed polarized mesenchymal character with wide lamellipodium at the cell front 

(Figure 25A) and significant change in morphology parameters (Figure 25A and B). Cell 

cultures at the sub-confluent level showed more clustered arrangements of A375-GFP-

PMCA4b cells and closer contacts between cells compared to the random distribution and 

greater distances between cells in the trafficking mutant A375-GFP-PMCA4b-LA cells and the 

control GFP-A375 cell cultures (Figure 25C and D). 

 Changes in cell shape are a prerequisite for changes in cell motility and migration. As 

the trafficking mutant expressing cells retained the parental cell shape we investigated if this 

affected cell motility and directional cell migration. To test this, we used a non-directional assay 

in which we tested random movement of the cells and a directional migration assay in which 

cells move through a filter toward an attractant (fibronectin) in the lower Boyden Chamber. As 

expected, only wild type PMCA4b expressing cells showed dramatic reduction in both random 

motility and directed migration (Figure 26 A and B, Video 1).  Live cell imaging of A375-GFP-

PMCA4b cells showed slow-moving polarized cells with intense membrane ruffling at the front 

and short net displacement over time. However, both control and A375-GFP-PMCA4b-LA 

cells remained highly motile with highly dynamic changes of directionality as a result of 

dynamic protrusion and retractions activities (Figure 26C, Video 2).  

All these data suggest that both PMCA4b abundance and proper trafficking are essential 

for the distinct morphology and migratory character of the PMCA4b expressing BRAF mutant 

melanoma cells. 
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Figure 25. Changes in area, circularity and culture morphology are observed upon GFP-

PMCA4b but not GFP-PMCA4b-LA expression in A375 melanoma cells. (A+C) Phase 

contrast microscope images for A375-GFP, A375-GFP-PMCA4b and A375-GFP-PMCA4b-

LA cells after overnight culture (A) or after 80%confluency (C) at indicated magnification. For 

morphology analysis, a black mask was applied on cells to define the contour of the cells using 

ImageJ software. Protrusions and lamellipodia were indicated by white and yellow arrowheads, 

respectively. Scale bar, (A) 10 µm and (C) 50 µm (B) Area and Circularity parameters for A375-

GFP (n= 56), A375-GFP-PMCA4b (n= 32) and A375-GFP-PMCA4b-LA cells (n= 54) were 

analyzed by ImageJ software. (D) To determine nearest neighbor distances, cell centers of the 

same cells in (C) were identified and distances calculated using ImageJ software. Insets show 

dots that represent cell centers.  
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Figure 26. GFP-PMC4b but not the trafficking mutant GFP-PMCA4b-LA expression 

changed motility, migration and polarity of A375 melanoma cells. (A) Cells were cultured 

and their migration was followed for 24 hours by recording GFP and Hoechst 33342 signal. 

The images were taken using automated fluorescence microscopy. The plot shows the starting 

position of each cell trajectory and its migration. Bars represent mean velocity ± S.D. A 4-5 

independent measurements were used from A375-GFP (n= 645), A375-PMCA4b (n= 941) and 

A375-PMCA4b-LA (n= 990) cells. (B) Boyden chamber assay was performed to assess 

directional cell migratory. Cells migrated toward fibronectin were fixed on the bottom of the 

membrane and stained with Toluidine blue. Images were taken and the number of cells 

migrated from 6 fields of view was counted. Data represent means % relative to control. (C) A 

movie was created from single cell images taken from (A) using ImageJ software.  

 

5.3.2. Cell-cell connections, stress fibers and lamellipodia formation are characteristic 

features of the PMCA4b expressing melanoma cells. 

5.3.2.1. PMCA4b trafficking is essential for the formation of cell connections, stress fiber 

and lamellipodia. 

 Cell shape and migration are largely affected by actin cytoskeleton remodeling [180]. 

Many studies have reported the role of Ca2+ in regulating actin dynamics through their effect 

on Ca2+ dependent actin-binding proteins and regulatory mechanisms [37,185]. PMCA4b is a 
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well-known regulator of cytosolic Ca2+, therefore, to follow the changes of F-actin organization 

upon PMCA4b expression we stained the cells with Phalloidin-TRITC. A significant increase 

in cell-cell connections was detected in case of the wild type GFP-PMCA4b expressing cells 

when compared to the control GFP-A375 cells or the cells expressing the trafficking mutant 

GFP-PMCA4b-LA (Figure 27A). Live cell imaging of A375 cells co-expressing mCherry-

PMCA4b and GFP-actin showed the mCherry-PMCA4b signal preceding the GFP-actin signal 

as cells start to form new connections. (Figure 27B, Video 3). 

 

Figure 27. Increased formation of cell-cell connections between A375 melanoma cells 

after GFP-PMCA4b but not PMCA4b-LA expression. (A.1) Cells were fixed and then 

stained with Phalloidin-TRITC for F-actin labeling using a confocal laser microscope. Scale 

bar, 20 µm. Insets represent the cell-cell connections magnified indicated by arrowheads. (A.2) 

A magnified part of the image shown in A.1 marked with a yellow rectangle. Both DIC and 

fluorescent images are shown. Scale bar, 20 µm. Insets represent magnified intercellular 

connections, Scale bar, 5 µm. (A.3) Bars indicate the mean number of inter-connections per 
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cell for 12-13 cells (B.1) A375 cells were co-transfected with GFP-actin and mCherry-

PMCA4b for 48 hours. Images shown are taken from live-cell recording every 0.2 s for 180 

seconds at 37 ºC by spinning-disc confocal microscope. Scale bar, 20 µm. Insets represent 

images for new cell connection formation between two neighboring cells at different times. 

Scale bar, 5 µm. (B.2) The graph shows the time course for both GFP and mCherry signals in 

the ROI (yellow polygon) drawn around the newly formed connection. Increased signals were 

indicated by arrowheads.  

 

 Another pronounced change observed upon the expression of the wild type PMCA4b 

pump is in the formation of stress fibers at the bottom of the cells and the wide lamellipodia at 

the cell front (Figure 28). In A375-GFP-PMCA4b cells, a significant increase (by 80%) in the 

number of cells with stress fibers was observed compared to the parental and trafficking mutant 

expressing cells. The number of cells with stress fibers was significantly reduced when 

PMCA4b was knocked down in the A375-PMCA4b cells by siRNA indicating the contribution 

of the pump in stress fiber formation (Figure 28). 
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Figure 28. Increased formation of stress fibers and lamellipodia in A375 melanoma cells 

in PMCA4b but not in PMCA4b-LA expressing cells. Cells with or without siRNA 

transfections were immunostained with Phalloidin-TRITC, as indicated, and images were taken 

by a confocal laser microscope. Stress fibers were labeled with arrowheads. Scale bar, 20 µm. 

Bars represent the mean number of cells with stress fibers. Number of cells analyzed was A375-

GFP (n=55), A375-GFP-PMCA4b-LA (72), A375-GFP-PMCA4b (n=60) -/+ PMCA4b siRNA 

(n=68) and negative siRNA (n=49).  
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5.3.2.2. PMCA4b activity is essential for the formation of stress fibers and lamellipodia. 

 To investigate if PMCA4b activity is required for the actin-related changes, we 

transiently co-transfected A375 melanoma cells with GFP-actin and mCherry-PMCA4b-DE, a 

non-functional PMCA4b mutant in which an aspartate is changed to glutamate at position 672 

(D672E)) [81]. Previous publications demonstrated that the N-terminal tags did not affect 

PMCA4b activity or localization [81,208]. As shown in Figure 29A, A375 cells transfected 

with wild type mCherry-PMCA4b showed lamellipodia and stress fiber formation, as expected 

with most of the GFP-actin at the cell front. In contrast, the A375 cells transfected with the 

non-functional mCherry-PMCA4b-DE mutant showed significantly less lamellipodia and 

stress fiber formation with more evenly distributed GFP-actin across the entire cell, similarly 

to that seen in the parental cells (Figure 29A,B and Figure 30). Kymograph analysis of the 

lamellipodia formed by the mCherry-PMCA4b expressing cells showed concentrated 

polymerized GFP-actin with intense ruffling and retraction activity at the cell front (Figure 

29C). Interestingly, live-cell imaging of the same cell showed positive mCherry-PMCA4b 

vesicles moving towards the lamellipodia and back with GFP-actin retrograde flow (Figure 

29D, Video 4). All these results indicate the role of PMCA4b activity and hence the 

contribution of Ca2+ in the formation of stress fibers, lamellipodia and actin remodeling.  
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Figure 29. PMCA4b activity is essential for lamellipodia formation in A375 melanoma 

cells. (A) Confocal microscopy images of A375 transfected with GFP-actin + one of mCherry 

constructs (pmCherry-C1, mCherry-PMCA4b and mCherry-PMCA4b-DE). Scale bar, 20 µm. 

Line plots were analyzed by ImageJ software. (B) Bars represent the mean number of cells 

with lamellipodia for mCherry (41), mCherry-PMCA4b (65) and mCherry-PMCA4b-DE (59) 

together with GFP-actin expressed constructs. (C+D) Z-stack images were taken for the A375 

cells expressing GFP-actin and mCherry-PMCA4b shown in (A.1) and were recorded every 5 

seconds for 5 minutes by spinning-disc confocal microscope. (C) Lines drawn across the 

lamellipodia (yellow and blue) were analyzed and a kymograph was generated by ImageJ 

software. (D) Insets represent an enlarged part of Lamellipodia. Positive mCherry-PMCA4b 

vesicles were indicated with white arrowheads. Yellow arrowheads show GFP-actin retrograde 

flow. Scale bar, 5 µm. 

 

 

Figure 30. PMCA4b activity is essential for stress fiber formation in A375 melanoma cells. 

(A)  Confocal microscopy images from the bottom of A375 cells transfected as in Figure 29. 

Yellow and white arrowheads represent spikes and stress fibers, respectively. Scale bar, 20 µm. 

Bars represent the number of cells with stress fibers. For analysis, GFP-actin and mCherry (31), 

mCherry-PMCA4b (43) and mCherry-PMCA4b-DE (48) transfected cells were counted. 
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5.3.2.3. PMCA4b loss in MCF-7 breast cancer cells causes loss of stress fibers associated 

with changes in cell culture morphology. 

Further, we used an estrogen receptor positive (ER+) breast cancer cell line MCF-7 to 

confirm that the effects of PMCA4b on actin re-arrangements were not melanoma cell-type 

specific. MCF-7 cells were stably transfected with GFP-PMCA4b or Sh-PMCA4b to 

specifically silence PMCA4b expression (Figure 31A and B). Over-expression of GFP-

PMCA4b showed changes in cell culture morphology with cells located closer to each other as 

indicated by the nearest neighbour distance when compared to the PMCA4b silenced and 

parental cells (Figure 31C). In addition, a dramatic loss of stress fibers (> 60%) and a 

significant increase in single cell area (1.75x) were observed in MCF-7 cells after PMCA4b 

silencing. These data confirm the role of PMCA4b in actin cytoskeleton reorganization.  

 

 

Figure 31. PMCA4b silencing induced increased cell area and loss of stress fibers in MCF-

7 cells. (A+B) Cells were cultured and protein expression level of PMCA4b and GFP was 
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analyzed by Western blot. PMCA1 or NA+/K+ ATPase was used as loading controls as 

indicated. Cells used in (C+D) were from those prepared and indicated in red boxes. (C) Phase 

contrast microscopy images of cells grown for 48 hours, 10x objectives. The nearest neighbour 

distances of cell centers were determined using ImageJ software. (D) Confocal microscopy 

images of cells stained with Phalloidin-TRITC. Stress fibers are indicated by arrowheads. Scale 

bar, 20 µm. (E) Bars show the mean number of cells with stress fibers. For analysis, MCF-GFP 

(n= 48), MCF7-GFP-PMCA4b (n= 83) and MCF7-Sh-4b (n= 100) cells were counted. (F) The 

graph represents the area of single cells from phase contrast images shown in (C) (n = 100, 88, 

and 70, respectively) calculated using ImageJ software. 

 

5.3.2.4. Effect of PMCA4b on focal adhesion assembly. 

Focal adhesion turnover is important for cancer cell migration and changes in free 

intracellular Ca2+ level were found to have a role [209,210]. Therefore, we stained A375 and 

A375-GFP-PMCA4b cells for F-actin and one of the focal adhesion components vinculin. As 

shown in figure 32A, A375-GFP-PMCA4b cells have a punctate pattern of vinculin pointing 

to the ends of stress fibers while in A375 cells vinculin showed clustered dots positioned at the 

cell periphery towards the protrusions. In addition, vinculin expression was significantly 

reduced by GFP-PMCA4b expression as determined by Western blotting (Figure 32B). The 

accumulation of vinculin at stress fiber ends at focal adhesion sites may indicate that A375-

GFP-PMCA4b cells have stronger adhesion to the ECM than the parental cells. 

 

Figure 32. PMCA4b expression results in vinculin re-location and changes in expression 

in melanoma cells. (A) Cells were stained for vinculin and F-actin and images were taken by 

a confocal laser microscope. Scale bar, 20 µm. Insets represent part of the cell magnified and 

arrowheads indicate the position of vinculin. (B) Cells were cultured and the protein expression 

level of vinculin was analyzed by Western blot. β-tubulin was used as a loading control. Bars 

represent the mean ± SE of three independent experiments.  
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5.4. PMCA4b activity does not affect F-actin recovery after photobleaching.        

 F-actin dynamics are influenced by many factors and fluorescence recovery after 

photobleaching (FRAP) is often used to determine the mobile fraction and the turnover rate of 

F-actin (t1/2) [211]. In this study, we used A375 cells co-transfected with GFP-actin together 

with one of the following plasmids: mCherry, mCherry-PMCA4b or mCherry-PMCA4b-DE, 

and photobleached GFP-actin at three different positions including ruffles (lamellipodia) 

(Figure 33A), cell-free edges and cell-cell connections. Neither the mobile fraction nor the 

recovery rate of F-actin was affected by mCherry-PMCA4b expression. Although, in mCherry-

PMCA4b expressing A375 cells photobleaching of GFP-actin at the lamellipodia showed a 

somewhat faster recovery rate (lower t1/2) compared to the control mCherry expressing cells, 

the difference was not significant (Figure 33B). These data suggest that F-actin assembly is not 

affected by mCherry-PMCA4b expression.          

 

Figure 33. PMCA4b expression does not affect F-actin turnover. (A+B) Confocal 

microscopy images of A375 cells co-transfected with GFP-actin and one of the constructs for 
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48 hours as indicated. All FRAP experiments were done in phenol-free DMEM at 37 ºC using 

spinning-disc confocal microscope. (A). FRAP experiment was initiated by photobleaching of 

GFP-actin at three cell positions (ruffling lamellipodia, cell-cell connections and free cell edge) 

and GFP signals were recorded every 0.2 s for 90 seconds. Scale bar, 20 µm. Insets in (A) 

represent magnified part of ruffling lamellipodia at different time intervals from pre and post 

photobleached GFP-actin. Scale bar, 2 µm. (B). Graphs represent mean relative GFP-actin 

fluorescent intensity ± SEM of three independent experiments. The number of photobleached 

areas for mCherry, mCherry-PMCA4b and mCherry-PMCA4b-DE are as follow: ruffling 

lamellipodia (n = 8, n = 13, n = 23), cell-free edge (n=9, n=12, n=15) and cell connections (n=5, 

n=8, n=12). (C) From data in (B), T1/2 and mobile phase ± SEM were calculated using 

GraphPad Prism software. 

 

5.5. PMCA4b activity protects cells from Ca2+ induced actin depolymerization. 

High free intracellular Ca2+ level was reported to induce F-actin depolymerization 

[183,212–214]. To test if PMCA4b can reverse the Ca2+ induced depolymerization of F-actin, 

we transiently co-transfected A375 cells with actin tagged with the Ca2+ indicator GCaMP2 

(GCaMP2-actin) or GFP (GFP-actin) with one of the following constructs: mCherry, mCherry-

PMCA4b or the non-functional mutant mCherry-PMCA4b-DE and applied the Ca2+ ionophore 

A23187 to initiate Ca2+ influx.  As shown in Figure 34, once A23187 was added a sustained 

increase in near-actin Ca2+ concentration was detected as monitored by changes in GCAMP2-

actin fluorescence in cells expressing the non-functional mCherry-PMCA4b-DE while 

GCAMP2 fluorescence returned to the baseline relatively quickly in the wild type mCherry-

PMCA4b expressing cells. In parallel with the A23187 induced increase in intracellular Ca2+ 

concentration, we observed a dramatic change in cell shape indicated by the loss of protrusions, 

membrane blebbing and cell shrinkage of the cells expressing mCherry-PMCA4b-DE or 

mCherry. No such changes were observed in cells expressing the functional mCherry-PMCA4b 

that responded to the A23187 induced incoming Ca2+ signal quickly (Figure 35A, Video 5). 

Further analysis of cell shape changes showed an increase in circularity (1.64x and 1.83x) and 

a decrease in the area (28.4% and 42.7%) of the control mCherry or the non-functional 

mCherry-PMCA4b-DE mutant expressing cells, respectively. No significant change in 

morphology parameters or stress fibers could be observed when wild type mCherry-PMCA4b 

was expressed in A375 cells. Cytochalasin D - a potent inhibitor of actin polymerization - 

showed cell shape loss in all cell types with or without PMCA4b. When A23178 was applied 

in the absence of extracellular Ca2+ (Ca2+ free HBSS buffer containing EGTA) no change in 
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cell shape could be detected, ensuring that the observed effects were indeed induced by Ca2+ 

over-load (Figure 35B, Video 6). 

   

 

Figure 34. PMCA4b activity is essential for F-actin integrity. Live cell imaging of A375 

cells transfected with GCAMP2-actin and either mCherry-PMCA4b or mCherry-PMCA4b-

DE. After addition of 2 µM A23187, near actin signals were recorded every 15 seconds for 10 

minutes by a spinning-disc confocal microscope, 100x oil immersion objective. Images at 

different timing were represented as indicated. GCAMP-actin signal retraction is indicated by 

arrowheads. Scale bar, 20 µm. Graph shows mean relative fluorescent intensity values (F/F0) 

± SEM from two cells (two ROIs/cell) of two independent experiments. The addition of 

A23187 was indicated by arrows. 
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Figure 35. PMCA4b protects cells from F-actin depolymerization and collapse upon 

cytosolic Ca2+ overload. (A+B) A 3D confocal microscopy images of A375 cells expressing 
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GFP-actin + one the mCherry constructs (pmCherry-C1, mCherry-PMCA4b, or mCherry-

PMCA4b-DE) after addition of (A) 2 µM A23187 or (B) 2.5 µM cytD, or 2 µM A23187 in a 

HBSS buffer without Ca2+ containing 100 µM EGTA, as indicated. Live microscope image 

recording was done every 15 seconds for 10 minutes using a spinning-disc confocal 

microscope, 100x oil immersion objective. Images shown are presented at 0, 5 and 10 minutes 

intervals. Changes in cell shape were indicated by arrowheads. Morphology analysis (area and 

circularity) of 2-3 cells in (A) were analyzed by ImageJ software. Data show mean ± SEM and 

significance is calculated for the end time points. 

 

 Endogenous F-actin staining with Phalloidin-TRITC confirmed the above findings 

(Figure 36). Cells expressing mCherry-PMCA4b-DE or mCherry started to shrink, form 

membrane blebs and rounding in response to A23187 (Figure 36A) resulting in circularity and 

area changes while cells expressing the wild type pump remained mostly intact, as shown in 

the graphs of Figure 36B. All these data indicate that the Ca2+ removal capacity of PMCA4b 

could sufficiently prevent Ca2+ induced actin depolymerization in A375 cells. 
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Figure 36. PMCA4b protects cells from Ca2+ overload induced cell shape changes. 

(A.1+A.2+A.3) Confocal microscopy images of cells stained with Phalloidin-TRITC after the 

following treatments: 2 µM A23187 in HBSS buffer with Ca2+, 2 µM A23187 in absence of 

Ca2+ + EGTA (negative control), or 2.5 µM cytD (positive control). Treatments were kept for 

10 minutes at 37 ºC. Scale bar, 20 µm. DIC images were acquired to show cell boundaries. 

Position of actin to cell periphery is indicated by arrowheads. (B) A scatter plot for area and 

circularity parameters was analyzed for each cell type (n= 17-33) by ImageJ software. Data 

represents mean ± SEM. 

 

5.6 PMCA4b induces F-actin re-arrangement by cofilin re-localization and formation of 

a front-to-rear Ca2+ concentration gradient in A375 melanoma cells. 
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 It was reported that cytosolic Ca2+ can affect the actin cytoskeleton by inducing 

dephosphorylation and activation of the actin severing protein cofilin [192]. Therefore, we 

investigated the effect of PMCA4b on cofilin localization and activity. As shown in Figure 

37A, cofilin is concentrated to the lamellipodia in A375-GFP-PMCA4b cells while positioned 

to the protrusions of the control and mutant GFP-PMCA4b-DE expressing A375 cells. Cofilin 

activity is controlled by its phosphorylation status at serine 3. Therefore, we tested the 

phosphorylation of cofilin by Western blotting that revealed no significant differences in p-

cofilin protein levels between A375-GFP-PMCA4b and A375 melanoma cells (Figure 37B). 

Altogether, these data suggest that cofilin re-localization to the leading edge rather than 

changing its overall activity was responsible for actin re-arrangements in PMCA4b expressing 

A375 cells. 

 

Figure 37. PMCA4b at the leading edge induces cofilin re-location. (A) Confocal 

microscopy images of A375 and A375-GFP-PMCA4b cells transfected with Cofilin-

pmCherryC1 or co-transfected with GFP-PMCA4bDE in A375 cells after DAPI nuclear 

staining. Scale bar, 20 µm. Insets represent a magnified part of cells. Cofilin position is 

indicated with arrowheads. Scale bar, 5 µm. (B) A375 and A375-GFP-PMCA4b were cultured 

and the protein level of P-cofilin was measured by Western blot. β-tubulin was used as a 

loading control.  

 

Several previous studies demonstrated that a Ca2+ concentration gradient across the cell 

affected cell polarization and migration [184,215,216]. Recent experiments demonstrated that 
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PMCA4b has a role in the formation of a front-to-rear increasing Ca2+ concentration gradient 

in migrating HUVEC cells [126]. Therefore, to evaluate the effect of PMCA4b and its 

trafficking mutant on the distribution of cytosolic free Ca2+ concentration, we transiently 

expressed the Ca2+ indicator R-GECO. As shown in Figure 38, analysis of the lines drawn 

across the cells for the recorded GFP and RGECO fluorescent signals showed that GFP-

PMCA4b localized to the leading edge that coincided with a front-to-rear increasing Ca2+ 

concentration gradient, as indicated by the increasing RGECO signal. However, in both 

parental and trafficking mutant GFP-PMCA4b-LA expressing cells an even distribution of the 

fluorescence signal was observed. These data indicate that PMCA4b expression and 

localization at the leading edge was essential to induce front-to-rear increasing Ca2+ 

concentration gradient in A375 melanoma cells. 

 

Figure 38. Proper trafficking of PMCA4b is essential for inducing front-to-rear 

increasing Ca2+ concentration gradient in A375 cells. Confocal microscopy images of cells 

transfected with CMV-R-GECO1 plasmid. While arrowheads indicate the position of low Ca2+ 

level. Scale bar, 20 µm. Line plot was obtained from analysis of the lines (red) drawn across 

the cells using ImageJ software. The GFP signals at the cell periphery are indicated by 

arrowheads. 
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6. Discussion 

 Ca2+ homeostasis is critical for normal cell physiology and any imbalance in its 

intracellular concentration is associated with a variety of diseases. Therefore, cells use a 

molecular toolkit that includes channels, pumps and exchangers to maintain free cytosolic Ca2+ 

level [41]. Alterations in the expression, activity, regulation and stability of these molecules 

are shown to affect cellular proliferation, survival, migration and metastasis [217]. Melanoma, 

a type of skin cancer, results from abnormal growth of pigment-containing cell named 

melanocyte. Metastasis is the main cause of death in patients with melanoma. Several studies 

showed changes in the expression of Ca2+ channels and their contribution to melanoma 

progression and metastasis [218]. 

 PMCA4b is a plasma membrane Ca2+ transporter essential for lowering cytosolic Ca2+ 

concentration. Our laboratory has reported that PMCA4b expression is downregulated in 

BRAF mutant melanoma cells and its overexpression resulted in reduced melanoma cell 

migration and metastasis. In addition, we found that inhibition of the main constitutive pathway 

in melanoma cells (BRAF/MEK/ERK MAPK pathway) via BRAF or MEK inhibitors 

increased PMCA4b expression at both the mRNA and protein levels, and decreased melanoma 

cell migration and metastasis [82]. Therefore, in this study we investigated other 

regulators/pathways already reported to be active in melanoma for their role in PMCA4b 

regulation and melanoma metastasis. We found that p38 MAPK pathway inhibition enhanced 

PMCA4b protein level by increasing its stability at the plasma membrane and reducing its 

degradation through the endolysosomal pathway. In addition, we showed that inhibition of p38 

MAPK activity led to reduced migration and metastatic activity of BRAF mutant melanoma 

cells in vitro partially through restoring PMCA4b function.  

 Other changes observed with PMCA4b overexpression in BRAF mutant melanoma 

cells include changes in cell morphology and motility [82]. For cells to metastasize, actin 

remodeling is required to allow changes in cell shape, polarity and motility.  Several studies 

showed involvement of cytosolic Ca2+ level on many actin-related processes and actin 

reorganization (Martin-Romero et al, 2017; Tsai et al, 2015). In this study, we found that proper 

PMCA4b activity and trafficking were essential to induce actin re-arrangements and 

morphological changes including increased lamellipodia formation, cell-cell contacts, stress 

fiber formation and reduced motility. In addition, we found that PMCA4b activity is important 

to maintain actin cytoskeleton integrity in case of Ca2+ overload.  Changes observed with cell 

polarity and reduced motility were also explained by the activity of PMCA4b and its proper 
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trafficking to the leading edge to generate front to rear increasing Ca2+ concentration gradient 

across the cell and by its ability to induce cofilin re-localization.   

6.1. Inhibition of the p38 MAPK pathway protected PMCA4b from degradation and 

reduced migration BRAF mutant melanoma cells.  

 It was found that BRAF and MEK inhibitors upregulated PMCA4b at both the mRNA 

and protein levels in BRAF mutant melanoma cells and reduced melanoma cell migration and 

metastasis [82]. In the present study, other active pathways - p38 MAPK, JNK and NF-κB - 

implicated in melanoma progression and metastasis were tested for their effects on PMCA4b 

levels. P38 MAPK activity affects many downstream substrates such as transcription factors 

and protein kinases that are involved in cytoskeleton remodeling, protein degradation and 

localization, chromatin remodeling, cell differentiation, proliferation and cell migration [147]. 

We found that the p38 MAPK pathway acts as a novel modulator of PMCA4b expression. 

Similar to a previous study, we demonstrated that p38 MAPK is already active in BRAF mutant 

melanoma cells as shown by the high phosphorylation level of its substrate HSP27 and 

significant reduction of p-HSP27 upon p38 inhibitor treatment. [200]. Western blot analysis 

and fluorescence imaging showed that inhibition of p38 MAPK activity greatly enhanced 

PMCA4b in BRAF mutant cells while no change in PMCA4b level was observed in BRAF 

wild-type cells. In parallel, we observed reduced P-ERK in these cells after p38 inhibitor 

treatment that can be explained by the loss of the negative feedback loop between ERK and 

p38 in melanoma cells, as reported by Estrada et al., 2009 [18].  

 P38 MAPK inhibition enhanced PMCA4b protein level but did not affect its mRNA 

expression, therefore, we assumed post-translational regulation. PMCA4b localization to the 

plasma membrane is critical for its proper function [104]. In BRAF mutant melanoma cells 

PMCA4b expression is downregulated. Moreover, when over-expressed it is localized more to 

the intracellular vesicles than to the plasma membrane. Using confocal microscopy, we showed 

that p38 MAPK inhibition enhanced plasma membrane localization of the pump. This 

accumulation of PMCA4b at the plasma membrane enhanced the Ca2+ clearance capacity of 

the cells indicating that the pump was active. Vemurafenib upregulated PMCA4b at both the 

mRNA and protein levels, however, interestingly our results show that part of its effect could 

also be contributed to its increased plasma membrane stability.  

 Proteins vary in their half-lives, some can be degraded in minutes and others in several 

days. Protein degradation is under tight control and is an important part of cell regulation. For 

example, many regulatory proteins such as transcription factors need to be degraded rapidly to 

allow their level to change properly in response to stimuli [219].  A study in rat brain showed 
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that PMCA is highly stable and has a long half-life with slow turnover rates [220]. The main 

pathways for protein degradation include ubiquitin-proteasomes, endolysosomes and 

autophagy [221]. These pathways are found de-regulated in melanoma to drive tumor 

progression [222]. Several studies reported that protein kinases including p38 MAPK are 

involved in protein internalization and hence degradation [201,223]. Our results showed for 

the first time that p38 MAPK activity regulates PMCA4b internalization in BRAF mutant 

melanoma cells, and its inhibition prevents downstream degradation through the 

endolysosomal system. In addition, we showed similar results in two other cell line models, 

HeLa cells and the non-tumorigenic doxycycline-inducible HEK cell lines. Previously, we 

identified a di-leucine-like motif near the C-terminus of PMCA4b that controls its endocytosis 

[104]. Further study is needed to identify if the same motif is involved in p38 MAPK induced 

PMCA4b internalization.  

 In contrast to vemurafenib, p38 inhibitor treatment decreased cell proliferation with no 

significant toxic effect. In addition, p38 inhibitor treatment showed reduced colony formation 

similar to that seen in colorectal and ovarian cancers [224,225]. Interestingly, while the parental 

cells formed compact cell aggregates/colonies, the PMCA4b expressing cells displayed flat 

monolayer in culture. P38 inhibitor treatment of the parental cells resulted in a similar 

monolayer appearance with reduced colony formation suggesting that the enhanced PMCA4b 

abundance played a role. This indicates that an increase in PMCA4b expression may result in 

reduced tumor-forming capacity of melanoma cells.   

 P38 MAPK activity was also correlated to cell migration. A study by Rousseau et al., 

1997 [165] reported for the first time the involvement of p38 MAPK activity in endothelial cell 

migration upon stimulation with VEGF. This was explained by the effect of one of the p38 

MAPK substrates HSP27 on cytoskeleton re-arrangements. In this study, p38 MAPK inhibition 

significantly reduced migration of BRAF mutant melanoma cells and we found that this was 

partially PMCA4b dependent. Interestingly, a study on purified PMCA4b protein showed that 

there is a functional interaction between PMCA4b and actin cytoskeleton [189]. Therefore, we 

studied further the role of PMCA4b in actin cytoskeleton reorganization and cell motility, as 

discussed in the next section.  

 Besides 2D cell cultures, 3D cell cultures have been utilized more extensively as an in 

vitro tool to evaluate tumor growth and to screen for new anticancer drugs since they mimic 

solid tumors in their real environment in terms of spatial architecture, gene expression, 

physiological responses and drug resistance mechanisms [202]. P38 inhibitor has been tested 

using 3D spheroids in head and neck squamous cell carcinoma and glioma where it resulted in 
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reduced spheroid growth. Similarly, p38 inhibitor decreased growth of melanoma spheroids, 

however, much less effectively than the BRAF inhibitor, vemurafenib. Interestingly, no 

spheroid formed in the case of BRAF wild type melanoma cells (MEWO), and a delay in 

spheroid formation was observed in the case of A375-GFP-PMCA4b cells where spheroids 

were grown significantly smaller. A possible factor for this delay could be differences in 

integrin expression as integrins are important elements of spheroid formation and tissue 

integrity. In metastatic melanoma, β1 and β3 integrins were reported to be upregulated [203]. 

β4 integrin is an integrin involved in hemidesmosome formation and its disruption is found to 

result in keratinocyte migration and carcinoma invasion [204]. In this study, we found that β4 

integrin is upregulated in BRAF mutant A375 cells and significantly reduced upon PMCA4b 

overexpression or treatment with p38 inhibitor. β4 protein is lost completely in the BRAF wild-

type MEWO cells. These data suggest that a decrease in β4 integrin expression could be 

responsible for the delay in spheroid formation and reduced metastatic activity of cells with 

high PMCA4b abundance.  

 The reversal of multicellular spheroids can be utilized as an in vitro metastatic model 

[199]. Using this method, A375-GFP-PMCA4b and A375 cells treated with p38 inhibitor 

showed significant inhibition of metastatic activity when compared to the control cells without 

treatment. This is in good accordance with our previous findings on PMCA4b as a putative 

metastatic suppressor [82].  

 In conclusion, we found that p38 MAPK acts as a promoter for melanoma metastasis 

and this partially could be through increased internalization and degradation of PMCA4b. The 

present study suggests that p38 MAPK is a potential new therapeutic target in BRAF mutant 

melanoma. Moreover, inhibition of this pathway may provide another tool to overcome drug 

resistance. 

6.2. PMCA4b inhibits migration of BRAF mutant melanoma cells through actin 

cytoskeleton remodeling. 

Cell migration is a multi-step process that starts with protrusion extensions at the leading 

edge such as lamellipodia or filopodia, adhesion formation and finally cell tail retraction. The 

driving force for all these steps includes changes in actin cytoskeleton organization in response 

to a migratory signal [226]. Changes in cytosolic calcium affect actin dynamics, relocation of 

focal adhesions, rear-end retraction and cell migration [116,185]. A molecular toolkit is utilized 

by cells to maintain Ca2+ homeostasis and PMCAs are a key regulator of maintaining low basal 

free cytosolic Ca2+ concentration. In melanoma, changes in the expression of these tools and 

their effect on migration have been reported [218]. Our laboratory showed that the PMCA4b 
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Ca2+ pump is downregulated in BRAF mutant melanoma and identified this pump as a 

metastatic suppressor [82], however, the exact mechanism has not been determined. As 

PMCA4b is a key regulator of cytosolic Ca2+ concentration and Ca2+ affects actin cytoskeleton 

remodeling we hypothesized that PMCA4b reduced migration of BRAF mutant melanoma 

cells by inducing actin cytoskeleton rearrangements.  

The plasticity of cell migration is a prerequisite for the dissemination of tumor cells to 

distal parts of the body. A transition between the amoeboid and mesenchymal type of migration 

has been reported in melanoma cells to adapt to changes in extracellular matrix stiffness and 

surrounding microenvironment [227]. In the present study, in contrast to the fast-moving A375 

cells with dynamic protrusions, we found that A375-GFP-PMCA4b cells migrate significantly 

slower with enhanced polarity. As our previous study showed that PMCA4b expression did not 

affect MET markers (E-cadherin, ZEB1, snail, and vimentin) [82], we suggest that it may 

induce a transition from fast-to-slow mesenchymal migration type rather than MET transition 

phenotype.   

Other changes observed in this study with PMCA4b expression are morphological changes 

and Ca2+ ion through its effect on the actin cytoskeleton is reported to have a role [228,229]. A 

study showed that an increase in cytosolic Ca2+ concentration in pulmonary endothelial cells 

by activation of store-operated Ca2+ channels (SOCs) induced changes in cell shape in an actin-

cytoskeleton-dependent way [230]. We found a dramatic effect on cells and culture 

morphology upon PMCA4b expression in melanoma cells including increased formation of 

lamellipodia, cell-cell contacts, stress fibers and cell roundness.  Similar changes in cell culture 

morphology parameters of a breast cancer cell line (MCF-7) were observed and this suggests 

general role of PMCA4b in the determination of cell shape. 

For cell motility, focal adhesions need to be assembled at the cell front and disassembled 

at its rear. Stress fibers connect to focal adhesion and help cells to adhere and migrate. It was 

reported that stress fibers in cells with high motility have fewer, thinner and less dynamic stress 

fibers than static cells, and that slow re-arrangement of actin stress fiber bundles and slow focal 

adhesion turnover may inhibit cell motility [231,232]. This could explain the slow motility 

observed in A375-GFP-PMCA4b cells that have thick and high number of stress fibers in 

comparison to the fast-moving parental cells where stress fibers are nearly absent. Similarly, 

silencing PMCA4b expression in MCF-7 cells resulted in a nearly complete absence of stress 

fibers. In addition, we observed different localization of vinculin, a component of focal 

adhesion, upon PMCA4b expression in A375 cells. In A375-GFP-PMCA4b cells, it was mostly 

connected to the ends of stress fibers while in the case of the parental cells it clustered at the 
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cell periphery facing towards the protrusions. Since high cytosolic Ca2+ concentration has been 

reported to enhance focal adhesion turnover [185] we surmise that PMCA4b reduces focal 

adhesion turnover by reducing nearby Ca2+ [233], resulting in reduced cell motility.  A study 

on ovarian cancer cells showed that increased focal adhesion turnover rate and consequently 

cell migration was mediated by SOCE [234]. In addition, we found not only vinculin 

localization was changed but also expression. In A375-GFP-PMCA4b cells, vinculin 

expression was downregulated compared to the parental cells. A study on bone marrow-derived 

mesenchymal cells showed that the addition of a Ca2+ channel blocker after exposure to 

electromagnetic field reduced vinculin expression to its basal level and resulted in reduced cell 

migration [235]. Therefore, we suggest that the observed decrease in vinculin expression in 

A375-GFP-PMCA4b cells could be one factor that resulted in reduced migration activity of 

melanoma cells.  

We found that not only PMCA4b activity was essential for changes in cell shape, motility, 

migration and F-actin distribution but also its proper trafficking. A trafficking mutant A375-

GFP-PMCA4b-LA showed similar F-actin arrangements, morphology and migration activity 

as the parental cells. This is in agreement with other reported studies that indicated the effect 

of membrane protein trafficking on cell shape and motility [205,206]. In addition, we found 

that A375 cells expressing the non-functional PMCA4b-DE are similar to the parental cells and 

did not induce formation of stress fibers, lamellipodia or cell-cell connection. These data 

indicate the importance of Ca2+ concentration in morphology and actin dynamics changes. In 

good agreement with our findings, a study in HeLa and prostate cancer (PC)-3, showed that 

activation of Ca2+ channel transient receptor potential melastatin (TRPM2) after treatment 

with H2O2 caused loss of stress fibers, filopodia formation and focal adhesion disassembly, and 

all these changes led to increased cell migration [236].  

Changes in F-actin dynamics and formation of lamellipodia at the leading edge direct cell 

migration and cell polarity [237]. We found that in A375 cells expressing the functional 

PMCA4b F-actin localized to the lamellipodia at the cell front occupying a large part of the 

cell front while in cells expressing the non-functional PMCA4b or in the parental cells 

polymerized actin was more abundant at cell protrusions. Co-localization of PMCA4b and F-

actin at the lamellipodia and cell-cell connections may suggest close contact between the pump 

and actin, as reported previously [189,238]. We could not find any significant differences in 

the rate of actin recovery or the steady-state F-actin level after photobleaching (FRAP) between 

cells with or without PMCA4b indicating that PMCA4b did not affect actin polymerization.  

Many studies have shown that an increase in cytosolic Ca2+ concentration can induce F-
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actin depolymerization with cell shape deformation [212–214]. Using the Ca2+ sensor 

GCAMP2 fused to actin (GCAMP2-actin) we found that persistent increase in cytosolic Ca2+ 

resulted in collapse of the actin cytoskeleton that accompanied with a profound change in cell 

shape while the expression of the fully active PMCA4b maintained both F-actin and cell shape 

integrity. These data suggest that PMCA4b activity act as a negative modulator of high 

cytosolic Ca2+ induced F-actin depolymerization. 

It has been suggested that high concentration of cytosolic Ca2+ can induce actin 

rearrangement through the actin severing protein cofilin. Cofilin does not only mediate actin 

depolymerization but also can affect actin polymerization through providing G-actin 

monomers for the formation of new barbed ends.  Cofilin was also reported to be involved in 

invadopodia and lamellipodia formation [190]. A study showed that Ca2+ entry by the CRAC 

channel is important for the activity of cofilin and lamellipodia formation [182]. In the present 

study, we found that mCherry-cofilin is re-localized from the protrusions to the lamellipodia 

of the PMCA4b expressing cells while the non-functional pump was not effective. The low 

Ca2+ concentration environment provided by the pump at the cell front may result in low cofilin 

activity and subsequent reduction in actin turnover. Interestingly, several studies showed that 

inhibition or knocking out cofilin reduced cell polarity [191,239]. The effect of cofilin 

expression on PMCA4b localization and in turn formation of Ca2+ concentration gradient still 

needs further study.  

A study on HUVEC cells showed that an increasing front-to-rear cytosolic Ca2+ 

concentration gradient was essential for directional movement and PMCA4b localization at the 

cell front was vital for the effect. Lowering the free Ca2+ concentration at the cell front by 

PMCA4b enables effective local Ca2+ signaling by the local activity of Ca2+ entry channel 

STIM1/ORAI [126]. In agreement with this finding, our results showed that localization of 

PMCA4b at the leading edge also generated a front-to-rear increasing Ca2+ concentration 

gradient across the melanoma cells. Interestingly, neither parental cells nor the trafficking 

mutant PMCA4b-LA expressing cells displayed such Ca2+ gradient. These results indicate that 

not only activity but also proper trafficking are essential for generating Ca2+ gradient across 

the cell. Changes in cytosolic Ca2+ concentration throughout the cell could be responsible for 

the local changes in actin dynamics, morphology and hence motility of BRAF mutant 

melanoma cells.  

Many tumor suppressors disappear in cancerous cells as an advantage for the cell to grow, 

therefore, the possibility for direct targeting is not applicable. In the case of PMCA4b, we 

reported some inhibitors/drugs that can be used to rescue PMCA4b from degradation such as 



103 
 

the the videly used BRAF inhibitors (vemurafenib or dabrafenib), HDAC inhibitors (vorinostat 

or valproic acid) and p38 inhibitor (identified in the present study). Treatment of BRAF mutant 

melanoma cells with these inhibitors resulted in a dramatic decrease in cell migration 

[82,94,240]. Identifying the actin cytoskeleton as one of the targets affected by PMCA4b and 

its possible role in PMCA4b induced anti-migratory activity can provide new insights for 

finding new potential therapeutic options to overcome drug resistance reported with currently 

used anti-metastatic drugs.    

In conclusion, our results show that PMCA4b expression and proper trafficking are 

essential to fulfil its anti-migratory function in BRAF mutant melanoma cells, and this function 

is mediated by its effect on actin cytoskeleton remodeling. The expression of a fully functional 

PMCA4b in these cells showed a dramatic change in cell shape and cell culture morphology, a 

reduced motility and polarized migratory character. Along with these changes, we observed an 

increase in the formation of cell-cell connections, stress fiber and lamellipodia formations and 

a decrease in vinculin expression. These effects could be a result of PMCA4b redistribution to 

the leading edge, and generation of front-to-rear increasing Ca2+ concentration gradient with 

re-localization of cofilin and polymerized actin from protrusions to the leading edge. The effect 

of PMCA4b expression on actin redistribution was also observed in MCF-7 cells suggesting 

that PMCA4b is a general modulator of the actin cytoskeleton.  
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7. Summary 

 The plasma membrane Ca2+ pump (PMCA4b) is a key regulator of maintaining low 

basal cytosolic calcium ion concentration, and its de-regulation results in imbalance of Ca2+ 

homeostasis that could contribute to tumor progression. Melanoma is a type of skin cancer with 

a high rate of deadly metastasis. Earlier we found downregulation of PMCA4b in BRAF mutant 

melanoma cells and suggested the possible contribution of PMCA4b loss in tumor metastasis. 

In the present study, we investigated the role of p38 MAPK in PMCA4b degradation using a 

BRAF mutant melanoma cell line. In addition, we investigated the way PMCA4b mediates 

actin cytoskeleton remodeling and cell migration. 

 

Our main findings are as follows: 

1. Inhibition of p38 MAPK increased PMCA4b abundance and plasma membrane stability by 

reducing its internalization and consequent degradation through the endolysosomal 

pathway.  

2. Using HEK cells with a doxycycline-inducible system, we confirmed that p38 MAPK acts 

as a universal modulator of PMCA4b endocytosis.  

3. Inhibition of p38 MAPK reduced spheroid formation, migration and metastatic activity of 

BRAF mutant melanoma cells, at least partly through the upregulation of PMCA4b. We 

suggest that the altered spheroid formation could be due to changes in β4 integrin 

expression. 

4. Inhibition of p38 MAPK reduced colony formation with monolayer type of cell growth.  

5. Expression of PMCA4b caused a dramatic change in cell culture morphology, increased cell-

cell connections, lamellipodia and stress fiber formation. We found that proper trafficking 

of PMCA4b was essential for these changes. 

6. PMCA4b activity is needed for maintaining the integrity of the actin cytoskeleton during 

Ca2+ overload. 

7. Localization of PMCA4b at the cell front is essential for maintaining front-to-rear increasing 

Ca2+ concentration gradient and re-localization of the actin severing protein cofilin for 

proper actin cytoskeleton re-arrangement and reduced cell motility. 

 

 In conclusion, this study shows that protecting the putative tumor suppressor PMCA4b 

from p38 MAPK mediated degradation can result in a less aggressive melanoma cell phenotype 

with low migratory and metastatic potential. In addition, we found that activity and proper 
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trafficking of PMCA4b was required for actin cytoskeleton remodeling and consequent anti-

migratory function.  
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8. List of Tables  

Table 1. Biomarkers identified in melanoma as therapeutic targets. 

Table 2. Immunotherapeutic drugs for treating patients with cutaneous melanoma and their 

overall survival (OS) rates.  

Table 3. PMCA isoforms and variants showing major sites of tissue expression. 

Table 4. Ca2+ channels and pumps mRNA and protein levels in several types of cancer. 

Table 5. Actin regulatory protein and their function. 

Table 6. Antibodies for Western blot and immunostaining assays 

Name Source, Cat # Type Dilution 

Anti-PMCA4b (JA3) Sigma-Aldrich, MABN1801 Mouse monoclonal 1:1000 

Anti-PMCA4 (JA9) Sigma-Aldrich, P1494 Mouse monoclonal 1:1000 

Anti-PMCA1 Affinity BioReagents, PA1-914 Rabbit polyclonal 1:1000 

Anti-NA+/K+ ATPase Enzo Life Sciences, BML-SA247 Mouse monoclonal 1:2000 

Anti-HSP Cell Signaling Technology, 2402 Mouse monoclonal 1:1000 

Anti-PHSP27 Cell Signaling Technology, 9709 Rabbit monoclonal 1:1000 

Anti-P38 Cell Signaling Technology, 9212 Rabbit monoclonal 1:1000 

Anti-PP38 Cell Signaling Technology, 9216 Mouse monoclonal 1:1000 

Anti-ERK1/2 (MK1) Cell Signaling Technology, 9102 Rabbit monoclonal 1:1000 

Anti-phospho-p44/42 

MAPK (ERK1/2) 

Cell Signaling Technology, 4370 Rabbit monoclonal 1:2000 

Anti-β4-integrin 

(D8P6C)XP 

Cell Signaling Technology, 14803 Rabbit monoclonal 1:1000 

Anti-β-tubulin Abcam, ab6046 Rabbit polyclonal 1:1000 

Anti-GFP Aves, GFP-1020 Chicken polyclonal 1:5000 

Anti-vinculin Thermo Fisher scientific, 700062 Rabbit monoclonal 1:100 

Anti-P-cofilin (Ser3) Cell Signaling Technology, 77G2 Rabbit monoclonal 1:1000 

Anti-EEA1 Abcam, Ab2900 Rabbit polyclonal 1:250 

Anti-Rab7 (D95F2) 

XP 

Cell Signaling Technology, 9367 Rabbit monoclonal 1:100 

Anti-Rab11 Cell Signaling Technology, 5589 Rabbit monoclonal 1:100 

Anti-LAMP1 

(D2D11) XP 

Cell Signaling Technology, 9091 Rabbit monoclonal 1:200 

Anti-LC3A/B Cell Signaling Technology, 12741 Rabbit monoclonal 1:100 
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Figure 3. Schematic diagram of SERCA E1/E2 enzymatic cycle. 

Figure 4. Schematic representation of PMCA structure (Top) and the four PMCA genes with 

their splicing alternatives (bottom). 

Figure 5. Schematic illustration of channels and transporter proteins in melanoma cell. 

Figure 6. Schematic diagram of MAPK signaling pathway. 

Figure 7. Schematic diagram showing P38α upstream activators and its effect on downstream 

processes. 

Figure 8. Some of the P38 α/β MAPK downstream substrates and their function. 

Figure 9. Four steps for cell migration on a substrate. 

Figure 10. Actin turnover dynamics. 

Figure 11. BRAF and p38 MAPK but not JNK or NF-κb are involved in the regulation of 

PMCA4b abundance in BRAF mutant melanoma cells.  

Figure 12. Inhibition of P38 MAPK increases PMCA4b abundance at the protein level 

without affecting its expression at the mRNA level. A dose-response curve. 

Figure 13. A relatively long exposure to the p38 inhibitor is needed to reach a new PMCA4b 

steady-state protein level.  

Figure 14. P38 inhibitor reduces phosphorylation of HSP27 in BRAF mutant but not in BRAF 

wild type melanoma cells. 

Figure 15. P38 inhibitor enhances Ca2+ clearance from A375 cells by increasing PMCA4b at 

the plasma membrane. 

Figure 16. Both p38 inhibitor and chloroquine protect PMCA4b from degradation, however, 

while chloroquine (CQ) trappes PMCA4b in intracellular vesicles p38 inhibitor 

holds it in the plasma membrane. 

Figure 17. p38 inhibitor prevents PMCA4b internalization and subsequent degradation 

through the endolysosomal system. 

Figure 18. p38 MAPK acts as a modulator of PMCA4b internalization in HeLa cells. 

Figure 19. p38 MAPK acts as a modulator of PMCA4b internalization in doxycyclin inducible 

HEK-mCherry-MKK6 cells. 

Figure 20. P38 inhibitor displays low cytotoxicity while induces cell cycle arrest in BRAF 

mutant but not in BRAF wild type cells. 

Figure 21. P38 inhibitor reduces colony formation in A375 melanoma cells. 
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Figure 22. Spheroid growth is reduced with PMCA4b expression and/or p38i-2 treatment in 

A375 melanoma but not in MEWO cells. 

Figure 23. P38 MAPK inhibition or knockdown strongly decreased A375 melanoma cell 

migration in a PMCA4b dependent manner. 

Figure 24. The metastatic activity of A375 spheroids is reduced with PMCA4b expression 

and/or treatment with p38 and BRAF inhibitors in vitro.  

Figure 25. Changes in area, circularity and culture morphology are observed upon GFP-

PMCA4b but not GFP-PMCA4b-LA expression in A375 melanoma cells. 

Figure 26. GFP-PMC4b but not the trafficking mutant GFP-PMCA4b-LA expression changed 

motility, migration and polarity of A375 melanoma cells. 

Figure 27. Increased formation of cell-cell connections between A375 melanoma cells after 

GFP-PMCA4b but not PMCA4b-LA expression. 

Figure 28. Increased formation of stress fibers and lamellipodia in A375 melanoma cells in 

PMCA4b but not in PMCA4b-LA expressing cells. 

Figure 29. PMCA4b activity is essential for lamellipodia formation in A375 melanoma cells. 

Figure 30. PMCA4b activity is essential for stress fiber formation in A375 melanoma cells. 

Figure 31. PMCA4b silencing induced increased cell area and loss of stress fibers in MCF-7 

cells. 

Figure 32. PMCA4b expression results in vinculin re-location and changes in expression in 

melanoma cells. 

Figure 33. PMCA4b expression does not affect F-actin turnover. 

Figure 34. PMCA4b activity is essential for F-actin integrity. 

Figure 35. PMCA4b protects cells from F-actin depolymerization and collapse upon cytosolic 

Ca2+ overload. 

Figure 36. PMCA4b protects cells from Ca2+ overload induced cell shape changes. 

Figure 37. PMCA4b at the leading edge induces cofilin re-location. 

Figure 38. Proper trafficking of PMCA4b is essential for inducing front-to-rear increasing Ca2+ 

concentration gradient in A375 cells. 

9.1. Contribution: 

Figures 12 and 13. mRNA studies were performed in Michael Grusch’s laboratory, Medical 

University of Vienna. 

Figure 25. Rita Padányi and Randa Naffa equally contributed to the experiments and analysis. 

Figure 31. Rita Padányi performed the experiments, and Randa Naffa did the calculations for 

the stress fiber and area graphs. 

Figure 38. Rita Padányi performed the experiments and Randa Naffa did the analysis. 
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10. Abbreviations 

ADF: actin-depolymerizing factor  

ADP:  adenosine diphosphate 

AKT: serine/threonine kinase, protein kinase B 

ALN: another-regulin  

ANOVA: analysis of variance  

AP1: activator protein 1 

APC: antigen-presenting cells  

ARC: arachidonic acid-regulated Ca2+ channel 

Arp2/3: actin-related protein 2/3 

Asp: aspartate  

ATF1: activating transcription factor  

ATP: adenosine triphosphate 

BM: basement membrane  

BMMC: bone marrow-derived mast cell 

BSG: basigin 

CAD: calcium release-activated calcium (CRAC)-activating domain  

CaM: calmodulin 

CaMKII: Ca
2+

/calmodulin-dependent protein kinase II 

CASK: calcium/calmodulin-dependent serine protein kinase 

CCLA2: calcium-activated chloride channel regulator-2  

CD147: cluster of differentiation 147 

CDK: cyclin-dependent kinases 

CDKN2A: Cyclin Dependent Kinase Inhibitor 2A  

CICR: Ca2+ induced Ca2+ release 

CIN: chronophin  

c-KIT: tyrosine-protein kinase Kit 

CNGCs: cyclic nucleotide-gated channels  

CQ: chloroquine  

CRAC: calcium release-activated calcium current  

CREB: cAMP-responsive element binding  

CTLA-4: cytotoxic T-lymphocyte associated antigen 4 

CytD: cytochalasin D  



110 
 

DAG: diacylglycerol  

DAPI: 4´,6-diamidino-2-fenilindol 

DIC: differential interference contrast 

DMEM: Dulbecco's modified Eagle's medium  

Dox: doxycycline  

DTIC: dacarbazine  

DTT:  dithiothreitol 

DUSP6: dual-specificity phosphatase 6 

ECM: extracellular matrix  

EDTA: Ethylenediaminetetraacetic Acid  

EEA1: early endosomal antigen 1 

EGF: epidermal growth factor 

EGTA: ethylene glycol tetraacetic acid  

ELK-1: ETS Like-1 protein 

ELN: endoregulin  

EMMPRIN: extracellular matrix metalloproteinase inducer  

EMT: epithelial-mesenchymal transition  

ER: endoplasmic reticulum 

ER-α: estrogen receptor-α 

ERK: extracellular signal-regulated kinase 

FA: focal adhesion 

F-actin: fibrous-actin 

FAK: focal adhesion kinase  

FBS: fetal bovine serum 

FDA: food and drug administration 

FRAP: fluorescence recovery after photobleaching  

G-actin: globular-actin 

GAPDH: glyceraldehyde-3-phosphate dehydrogenase  

GCaMP2: GFP-based Ca2+ probe 

GFP: green fluorescent protein 

GPCR: G-protein-coupled receptor  

HBSS: Hanks´ Balanced Salt Solution  

HDAC: histone deacetylase  

HEK: human embryonic kidney  
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HGF: hepatocyte growth factor 

HeLa: cervix adenocarcinoma cells  

Hsp27: heat shock protein 27 

HUVEC: human umbilical vein endothelial cell  

IGF: insulin-like growth factor  

IKK: IκB kinase 

IL: interleukin  

IP3: inositol 1,4,5-trisphosphate 

IP3R: inositol 1,4,5-trisphosphate receptor 

JNK: c-Jun N-terminal kinase  

KO: knock out 

LAMP1: lysosomal-associated membrane protein 1 

LC3A/B: microtubule-associated protein 1A/1B-light chain 3 

MAA: melanoma-associated antigens  

MAGUK: membrane-associate guanylate kinase  

MAPK: mitogen-activated protein kinase  

MAP3K: MAP Kinase-kinase-kinase  

MAP2K: MAP Kinase-Kinase  

MAT: mesenchymal to amoeboid transition 

MEF: myocyte enhancing factor  

MEK: MAPK/ERK kinase 

MCU: mitochondria uniporter 

MCUR1: mitochondrial calcium uniporter regulator 1  

MHC: major histocompatibility complex  

MKs: MAPK-activated protein kinases  

MLCK: myosin light chain kinase  

MMP: matrix metalloprotease 

MRLN: myoregulin 

mTOR:  mechanistic target of rapamycin 

NF1: neurofibromatosis type 1 

NFAT: nuclear factor of activated T-cell  

NCX: Na+/Ca2+ exchange  

NF-κB: nuclear factor-kappa B  

nNOS: neuronal nitric oxide synthase  
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NPTN: neuroplastin 

NSCLC: non-small cell lung carcinoma  

N-WASP: neural Wiskott-Aldrich syndrome protein 

OMM: outer mitochondrial membrane  

OPLs: oral premalignant lesions  

ORAI:  calcium release-activated calcium modulator  

OS: overall survival  

OSCC: oral squamous cell carcinoma  

OSM: osmosensing scaffold for MEKK3 

PBS: phosphate buffer saline 

PC: prostate cancer  

PD-1: programmed death 1  

PD-L1: programmed death-ligand 1 

PDGF: platelet-derived growth factor 

PFA: paraformaldehyde  

PI3K: phosphoinositide 3-kinase 

PIP2: phosphatidylinositol 4,5-bisphosphate  

PKA: protein kinase A  

PKC: protein kinase C 

PLC: phospholipase C 

PLN: phospholamban  

PMA: phorbol myristate acetate  

PMCA: plasma membrane Ca2+ ATPase 

Poly-HEMA: 2-Hydroxyethyl methacrylate 

PP2C: protein phosphatase 2C  

PTEN:  phosphatase and tensin homolog 

PTP: protein tyrosine phosphatase 

PVDF: polyvinylidene fluoride 

PyMT: polyoma middle T  

Rab:  Ras-related protein 

RAF: rapidly accelerated fibrosarcoma  

RAS: rat sarcoma 

RASSF1: Ras-associated factor 1  

Rack1: receptor for activated C kinase 1 
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Rac1: Ras-related C3 botulinum toxin substrate 1 

RB: retinoblastoma  

RhoA: Ras homolog family member A 

ROC: receptor-operated channels 

ROS: reactive oxygen species  

ROI: regions of interests  

R.T: room temperature  

RTK: receptor tyrosine Kinase 

RTKR: receptor tyrosine kinase-linked receptor 

RYR: ryanodine receptor  

SAP-1: serum response factor accessory protein 

SAPK: stress-activated protein kinase 

SDS: Sodium dodecyl sulfate 

SERCA: sarco-endoplasmic reticular Ca2+ ATPase 

SLC8: solute carrier 8  

SLN: sarcolipin  

SMOCs: second-messenger-operated channels 

SOC: store-operated Ca2+ channel 

SOCE: store-operated Ca2+ entry  

SPCA: secretory pathway Ca2+ ATPase 

SRB: sulforhodamine B  

SSH: slingshot  

STIM: stromal interacting molecule protein 

TAB1: Transforming growth factor-β-activated protein 1 (TAK1)- binding protein 1 

Taf-1: TATA-Box Binding Protein Associated Factor 1 

TAK1: Transforming growth factor‐β (TGF‐β)‐activated kinase‐1 

TCA: trichloroacetic acid 

TCR: T-cell antigen receptor  

TEM: Transmission Electron microscopy 

TNF-α: tumor necrosis factor-α 

TPC2: two-pore Ca2+ channels 2 

TPCN2: Two pore segment channel 2  

TRPC: transient receptor potential cation channel subfamily C (“C” for canonical)  

TRPM: transient receptor potential cation channel subfamily M (“M” for melastatin)  
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TRPV: transient receptor potential cation channel subfamily V (“M” for vanilloid)  

TTCCs: T-type calcium channels 

UVR: ultraviolet radiation  

VDAC: voltage-dependent anion channel  

VEGF: vascular endothelial growth factor 

VGCS1: voltage gated Ca2+ channel 

VOC: Voltage operated channel 
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