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1 ABSTRACT 

This dissertation contributes to elucidation of some mechanisms of the mammalian cell 

submembrane signaling. Major part of the research was conducted on mast cells and basophils 

activated via the high affinity IgE receptor, FcεRI, or via the cell surface glycoprotein Thy-1. New 

roles of actin cytoskeleton in mast cell signaling via FcεRI and Thy-1 are described. Discovery of new 

transmembrane adaptor protein non-T cell activation linker, NTAL, short time before the initiation of 

work on the thesis led to the increased attention paid to this protein. Dramatic changes of signaling in 

mast cells deficient in NTAL, or with up- or down-regulated expression of this protein are described. 

NTAL was also found to be one of proteins phosphorylated following the Thy-1 aggregation. 

Spatiotemporal distribution of surface glycoprotein Thy-1 at different levels of resolution and some 

biochemical properties of cells activated via Thy-1 are depicted. Screen for nonreceptor hitherto 

unknown protein tyrosine phosphatases in mast cells and basophils was conducted and initial 

analysis of spatiotemporal distribution and function of phosphatase PTP20 in mast cell signaling was 

performed. Next, the role of reactive oxygen and nitrogen species in the regulation of mast cell 

protein tyrosine phosphatases was summarized. New method for isolation of plasma membrane 

sheets from nonadherent immune cells was established and verified. Topography of STAT3 in 

signaling of freshly isolated hepatocytes and HepG2 cells was detected. Potential applications of the 

achieved outcomes in understanding and treatment of asthma, Noonan syndrome, Williams 

syndrome, East Coast fever, and diabetes mellitus are discussed. 
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2 ABSTRAKT 

Tato disertace je příspěvkem k objasnění některých mechanismů submembránové signalizace 

savčích buněk. Hlavní část výzkumů byla provedena na žírných buňkách a bazofilech aktivovaných 

prostřednictvím vysokoafinitního receptoru pro IgE typu I, FcεRI, anebo membránovým 

glykoproteinem Thy-1. Jsou popsány nové role aktinového cytoskeletu v signalizaci žírných buněk 

přes FcεRI a Thy-1. Objev nového transmembránového adaptorového proteinu NTAL – z anglického 

„non-T cell activation linker“ - krátce před započetím zpracovávání teze vedl ke zvýšené pozornosti 

věnované tomuto proteinu. Byly zjištěny a popsány významné změny v signalizaci žírných buněk 

s deficiencí v genu kódujícím protein NTAL, podobně též docházelo k výrazným změnám i v žírných 

buňkách, u kterých byla exprese proteinu NTAL jen snížena či zvýšena. Bylo dokumentováno, že 

NTAL je rovněž jedním z proteinů fosforylovaným po agregaci glykoproteinu Thy-1 na povrchu 

žírných buněk. Velká pozornost byla věnována časoprostorové distribuci glykoproteinu Thy-1 na 

různých úrovních rozlišení, přičemž byly zkoumány i některé biochemické charakteristiky buněk 

aktivovaných právě přes Thy-1 glykoprotein. V žírných buňkách a bazofilech byla zjišťována 

přítomnost dosud neznámých nereceptorových proteinových tyrosinových fosfatáz a následně byla 

provedena úvodní analýza časoprostorové distribuce a funkce jedné z nich, PTP20, v signalizaci 

žírných buněk. Dále byla formou review shrnuta role reaktivních forem kyslíku a dusíku v regulaci 

proteinových tyrosinových fosfatáz v žírných buňkách. Zavedena a ověřena byla metoda pro izolaci 

plasmatických membrán z neadherentních buněk imunitního systému. V neposlední řádě byla rovněž 

popsána topografie přenašeče signálů a aktivátoru transkripce 3, STAT3, v signalizaci čerstvě 

izolovaných hepatocytů a v buněčné linii HepG2. Diskutována je potenciální aplikace získaných 

poznatků v porozumění mechanismů a léčbě astmatu, syndromu Noonanové, Williamsovu syndromu, 

theileriózy a cukrovky. 
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3 INTRODUCTION 

3.1 MEMBRANE MICRODOMAINS AS AN INITIATION POINT OF SUBMEMBRANE SIGNALING 

Recent development in cell biology amended the original notion, inferred from the fluid-mosaic model 

(Singer and Nicolson, 1972), presenting plasma membrane just as a fluid lipid bilayer with membrane 

proteins restricted in their free diffusion by association with cytoskeletal components and other 

proteins. On the basis of the observations by high-speed single-particle tracking at a frame rate of 

40,000 frames/second, the partitioning of the fluid plasma membrane into submicron compartments 

throughout the cell membrane and the hop diffusion of virtually all the molecules have been proposed 

(Kusumi et al., 2005). This could explain why the diffusion coefficients in the plasma membrane are 

considerably smaller than those in artificial membranes, and why the diffusion coefficient is reduced 

upon molecular complex formation (oligomerization-induced trapping). The critical role is played by  

the actin-based submembrane cytoskeleton "fences" and anchored-transmembrane protein "pickets" 

in the formation of compartment boundaries (Kusumi et al., 2005). 

Detergent resistant membrane association of the T- and B-cell receptors and of FcεRI increases 

during signaling (Montixi et al., 1998;Field et al., 1999;Cheng et al., 2001). Signaling in mast cells 

(Surviladze et al., 2001), T-cells (Xavier et al., 1998), and B-cells (Gupta and DeFranco, 2007) is 

sensitive to cholesterol depletion. In addition, order-preferring proteins and lipids can be observed by 

microscopic techniques to cluster together upon receptor ligation in mast cells (papers 2 & 4), and 

also FRET analysis implicates raft-dependent interactions of the Src-family kinase Lyn with the B-cell 

receptor (Sohn et al., 2006).  

Ironically, some of the strongest evidence for raft function comes from the behavior of human 

pathogens. A number of pathogenic bacteria (Lencer and Saslowsky, 2005;Lafont and van der Goot, 

2005) and viruses (Chazal and Gerlier, 2003;Pelkmans, 2005) bind order-preferring proteins and 

lipids on the surface of mammalian cells and coopt host cell rafts during infection. For example 

cholera toxin, which binds the detergent resistant membranes-enriched ganglioside GM1, intoxicates 

the cells much more efficiently than the related Escherichia coli heat-labile type II enterotoxin LTIIb, 

which does not associate with detergent resistant membranes (Wolf et al., 1998). Most putative raft-

targeting pathogenic agents seem to use rafts for internalization into mammalian cells, suggesting a 

role for rafts in normal endocytic pathways (Brown, 2006). 

 

Some questions remains regarding the targeting of peripheral proteins to lipid rafts. Best understood 

is the raft targeting of proteins lacking transmembrane spans. GPI anchors and tandem or closely-

spaced acyl chains on these proteins are well known raft-targeting signals. Unexpectedly, 
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fluorescence quenching analysis showed that a tandem NH2-terminal myristate/palmitate motif 

targeted a peripheral peptide to rafts in model membranes more strongly than tandem palmitoylation 

on two internal sites (Wang et al., 2001b). The myristate/palmitate motif, present in Src-family 

kinases and in some G proteins, appears to be an especially efficient raft-targeting signal. 

Microscopical analysis in cells supports this idea. A tandem myristoyl/palmitoyl motif can target GFP 

to clusters on the inner leaflet of the plasma membrane that colocalize with rafts in the extracellular 

leaflet (Zacharias et al., 2002). It is notable α subunits of G proteins are modified with unusual dual-

palmitate motifs, in which the first palmitate is linked to an NH2-terminal Gly instead of the usual 

internal Cys (Kleuss and Krause, 2003). By analogy with the myristate/palmitate motif, the dual-

palmitate motif of G proteins might also confer high raftophilicity. 

 

Some proteins are modified by both tandem palmitoylation (expected to increase raft affinity) and 

prenylation (expected to reduce raft affinity), raising the possibility that overall raft affinity may be 

regulated. For heterotrimeric G proteins, this could occur by dissociation of acylated Gα subunits 

from prenylated Gβ subunits during signaling. As expected, monomeric Gαi associates better than 

the Gαiβγ trimeric complex with detergent resistant membranes isolated from model membranes 

containing the purified proteins (Moffett et al., 2000;Brown, 2006). H-Ras, modified by closely spaced 

dual palmitoylation and farnesylation, is also targeted to rafts, although it can be solubilized by 

standard Triton X-100 extraction (Plowman et al., 2005). The prenyl group may bind reversibly to 

other proteins to regulate raft-disfavoring insertion of the moiety into the bilayer. Alternatively, other 

raft-favoring interactions may overcome raft-disfavoring tendency of the prenyl group. 

 

Not all palmitoylated transmembrane proteins associate with detergent resistant membranes, and it is 

not known what distinguishes the two groups. Increasing the number of acyl chains may enhance 

detergent resistant membrane association, although protein structure is also clearly important since 

different numbers of acyl chains are required for detergent resistant membrane association of 

different proteins. For example LAT requires two chains (Zhang et al., 1998b), whereas influenza 

hemaglutinin needs three (Melkonian et al., 1999) for detergent resistant membrane association. 

Many singly palmitoylated proteins are excluded from detergent resistant membranes, e.g. transferrin 

receptor, a widely used non-raft marker protein, was originally reported to be either singly or doubly 

palmitoylated, depending on cell type (Jing and Trowbridge, 1990;Brown, 2006), and this issue has 

not been investigated further. 

3.2 KEY MAST CELL ACTIVATION RECEPTORS 

Mast cells have been recognized as cells that not only regulate allergy, but also many tissue 

functions, such as blood flow and coagulation, smooth-muscle contraction and peristaltics of the 
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intestine, mucosal secretion, wound healing, regulation of innate and adaptive immune responses 

and, most recently, peripheral tolerance (Galli et al., 2005;Gilfillan and Tkaczyk, 2006;Lu et al., 2006). 

Thus, in addition to allergic disorders, mast cells are involved in inflammatory diseases, neurological 

diseases and functional diseases such as irritable bowel syndrome, functional dyspepsia and 

fibromyalgia, and moreover they have a central role in host defence against bacteria and parasites 

through the release of cytokines that recruit neutrophils, eosinophils and TH2 cells to the site of 

infection (Marshall, 2004). 

 

The mast cell plasma membrane receptors are structures receiving extracellular signals, thus beeing 

the key molecules responsible for the effective and specific cell signaling and response. Their 

engangement is triggered by an interaction of the receptors with its putative ligand leading to the 

receptor aggregation and/or its conformational changes. The receptors belong to very diverse 

structural families such as cytokine receptors, integrin receptors, G protein coupled receptors, 

multichain immune recognition receptors, and GPI-anchored proteins. Here I will focus on the key 

mast cell activation receptors, FcεRI, c-kit, and GPI-anchored proteins. 

3.2.1 FCεRI 

The key mast cell activation receptor is FcεRI – the high affinity IgE receptor. The mechanism of 

FcεRI crosslinking is a crucial event in the type I hypersensitivity, but seems to be of only little 

importance in healthy individuals. It is a multichain immune recognition receptor present in high 

quantities at the surface of mast cells and basophils, on some other haematopoietic cells such as 

eosinophils, platelets, neutrophils, and antigen-presenting cells, but also on smooth muscle cells. It 

was described first as a tetrameric complex (αβγγ). The α chain, a member of the immunoglobulin 

superfamily, contains the binding site for IgE. The β subunit, with its four transmembrane domains 

separating NH2- and COOH-terminal cytoplasmic tails, functions to amplify signaling responses. The 

two disulfide-linked γ subunits are members of the γ/ζ/η family of antigen receptor subunits, consist 

essentially of a transmembrane region and cytoplasmic tail, and are critical for receptor signaling. 

Both β and γ subunits are responsible for the downstream propagation of the signal through the 

phosphorylation of their immunoreceptor tyrosine-based activation motif. 

 

The structure of FcεRI varies according to species. In mice, FcεRI β chain is required for cell surface 

expression of FcεRI so that FcεRI is expressed as αβγγ tetramers, whereas in humans FcεRI can be 

expressed as an αβγγ or αγγ complex depending on cell type. For instance, in human antigen-

presenting cells, FcεRI is expressed as a trimeric (αγγ) complex but as a tetramer (αβγγ) in mast 

cells. However, in the case of human eosinophils, platelets, and neutrophils, although both mRNA 
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and protein for the β chain have been detected, the existence of a functional αγγ complex could not 

be ruled out (Gounni, 2006). 

 

Extensive advances have been made in the study of FcεRI signaling pathways in mast cells. 

Crosslinking of FcεRI via IgE-bound multivalent antigens leads to the activation of various protein 

tyrosine kinases starting with Lyn that revert from an inactive to an active state. Once activated, Lyn 

phosphorylates the immunoreceptor tyrosine-based activation motifs of FcεRI. This event leads to the 

propagation of signals through subsequent activation of additional cytoplasmic signaling molecules 

with SH2 domains such as the protein kinase Syk. Activated tyrosine kinases mediates 

phosphorylation of a number of proteins including LAT, Vav or PLCγ1 and PLCγ2 (Kraft and Kinet, 

2007). Relatively recently, the Fyn kinase was shown to be activated directly by FcεRI-crosslinking 

(Parravicini et al., 2002) leading to the phosphorylation of Gab2. Gab2 binds the p85 subunit of the 

PI3K leading to the PIP3 production and recruitment of pleckstrin homology domains of i.e. Btk, 

PLCγ1 or PLCγ2 to the membrane, subsequently resulting in release of calcium from internal stores. 

FcεRI-crosslinking also leads to the ERK phosphorylation and activation of ERK-associated MAPKs 

Vav, Raf1, MEK and to the activation of small GTPases such as Rac, Ras and Rho, leading to the 

exocytosis of granules, and generation of leukotrienes and cytokines (Gu et al., 2001;Kawakami and 

Galli, 2002;Gounni, 2006;Kraft and Kinet, 2007). 

 

Even binding of IgE itself can somewhat regulate mast cell functions. Thus IgE is not just a mediator 

of the mast cell activation when crosslinked by allergen. Exposure of mast cells to high levels of IgE 

results in increased surface expression of FcεRI and subsequently in increased degranulation after 

crosslinking of mast cell-bound IgE by allergen (Kawakami and Galli, 2002). Monomeric IgE was also 

reported to induce cytokine production, resistance to apoptosis, but not to induce degranulation nor 

leukotriene release (Kalesnikoff et al., 2001). But these studies undertaken on rodent mast cells were 

somewhat undermined by another recent study involving human mast cells derived from human lung, 

which presented induction of degranulation, leukotriene production and IL-8 synthesis by monomeric 

IgE (Cruse et al., 2005).  

 

3.2.2 C-KIT 

Some growth factors and cytokines promote human mast-cell development from progenitor states 

and/or function as regulators of mediator release. The most relevant and still unique mast-cell growth 

factor is SCF, the ligand of c-kit (CD117), a receptor with tyrosine-kinase activity that is expressed on 

the surface of all human and murine mast cells. c-kit was originally identified as a retroviral oncogene 

isolated from the Hardy-Zuckerman 4 feline sarcoma (Besmer et al., 1986). SCF, either membrane 
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bound or in its soluble form, promotes mast-cell growth, differentiation, survival and homing. In 

addition, SCF can regulate mediator release by human mast cells by either enhancing IgE-dependent 

mediator release or directly inducing mediator release by mast cells kept in an SCF-deprived milieu 

(Bischoff, 2007). 

Studies carried out using both mouse and human mast cells have shown that SCF markedly 

increases degranulation in response to antigen. Although some authors have concluded that SCF 

alone does not induce degranulation (Ishizuka et al., 1998;Ishizuka et al., 1999;Baumruker and 

Prieschl, 2000;Tkaczyk et al., 2004), our unpublished data (Dráberová, Heneberg, Bugajev, Dráber 

unpubl.) and data of some others document degranulation at higher doses of SCF (Columbo et al., 

1992;Coleman et al., 1993;Taylor et al., 1995). Simultaneous addition of SCF and antigen also 

markedly increases the mRNA and/or protein concentrations of multiple cytokines. When added 

separately, however, these agents only increase basal cytokine production to a small extent. For this 

to occur, the signalling pathways that are initiated by both receptors (that is, SCF and FcεRI) must 

somehow be integrated to induce the synergistic responses, and the specific signals that are required 

by FcεRI for inducing mast-cell-mediator release must be missing from the signalling pathway 

initiated by c-kit (Gilfillan and Tkaczyk, 2006). 

Unlike FcεRI, c-kit is a single-chain receptor having its own PTK activity. Many of the signals that are 

induced in mast cells by IgE-bound antigen — for example, PI3K activation, PLCγ activation, calcium 

mobilization and MAPK-cascade activation — are also initiated by SCF (Hundley et al., 2004). But 

some of the signals, like those of PLCγ1 or calcium mobilization are slower and of a lower magnitude. 

Some authors claim that SCF treatment doesn`t lead to the phosphorylation of transmembrane 

adaptor protein LAT (Hundley et al., 2004;Gilfillan and Tkaczyk, 2006), but these data are still 

questionable as some LAT phosphorylation can be detected at high doses of SCF at least in mouse 

BMMC (Tůmová et al., unpubl.). In contrast NTAL phosphorylation following SCF treatment was 

commonly reported (Tkaczyk et al., 2004;Hundley et al., 2004;Gilfillan and Tkaczyk, 2006). In the 

opposite way, siRNA directed against LAT or NTAL adaptors abrogated the increase in antigen-

inguced SCF-increased degranulation (Tkaczyk et al., 2004;Ali et al., 2004) indicating that these two 

adaptors are required for the synergistic effect of FcεRI and c-kit. 

3.2.3 GPI-ANCHORED PROTEINS 

Unlike the other membrane receptors, which contain transmembrane domains, the GPI-anchored 

proteinss are unique since they penetrate only the outer leaflet of plasma membrane via the bound 

phospholipid. The GPI-anchored proteins are composed of a phospholipid, modified polysacharide 

and a polypeptide. The phospholipid is bound to the polysacharide via inositol and the polysacharide 

is covalently linked to carboxy-terminal of the polypeptide via amide bond. The polypeptide is usually 
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highly glycosylated and the glycosylation significantly participates in formation of plasma membrane 

glycocalyx. GPI-anchored proteins are cleaved out from cell surface by phospholipases such as 

phosphatidylinositol-specific phospholipase C. Due to the glycosylation, GPI-anchored proteins are 

extremely variable and become to be targeted by a wide spectrum of extracellular ligands, including 

less specific interactions with lectins, selectins, and many toxins. Although GPI-anchored proteins 

cannot mediate direct interactions with signaling molecules in cytoplasm, they are endowed with a 

capability to induce cell signaling and response. Since GPI-anchored proteins are ubiquitously 

expressed in all eukaryotic cells (not so in prokaryotic cells (Nosjean, 1998)), their signaling capacity 

is involved in a broad spectrum of cell activations, including cells of immune system. Here I will focus 

on two GPI-anchored proteins, with which I deal here in the results section of this thesis. 

Thy-1 (CD90) is a GPI-anchored cell surface protein expressed in a number of cell types including 

mast cells and other haematopoietic cells, endothelial cells, fibroblasts, ovarian cancer cells, or 

mature neurons (Saalbach et al., 1999). Thy-1 has diverse cellular functions and activates multiple 

signaling pathways, affecting cell interactions with the extracellular environment or with other cells, 

and influencing cell proliferation, differentiation, and survival. It is expected to play a role in nerve 

regeneration, glomerulonephritis, tumorigenesis, wound healing and fibrosis in humans. Thy-1 

interacts with both integrins and cytoplasmic tyrosine kinases to promote cell adhesion. Thy-1 

appears to inhibit cellular migration at baseline, but it may facilitate regulated migration in response to 

injury, via both tyrosine kinase- and lipid raft-dependent mechanisms. The interaction with 

cytoplasmic tyrosine kinases may also be required for Thy-1-induced apoptosis, and potentially for 

the development of glomerulonephritis. Thy-1 also affects proliferation of tumor cells and fibroblasts, 

suggesting a role for Thy-1 in tumorigenesis and fibrogenesis. It is important to reiterate that the 

effects of Thy-1 are tissue- and cell type-specific (Rege and Hagood, 2006b). In mast cells, Thy-1 is 

known to induce activation events independent of the expression of FcεRI forming complexes with 

kinase Lyn, which could be dissociated by octylglukoside, but not the nonionic detergents NP40 or 

Brij 96 (Dráberová and Dráber, 1993). Antibody-mediated crosslinking of Thy-1 on the mast cell 

surface leads to the movement of Thy-1 to detergent resistant membrane complexes and results 

further in a series of biochemical events leading to the mast cell degranulation (Surviladze et al., 

1998). Some more detailed aspects of signaling through Thy-1 are described in the Results chapter 

of this thesis. 

The second GPI-anchored protein we used to activate mast cells was TEC-21/TEX101. This 

glycoprotein was identified in the plasma membrane of rat basophilic leukemia cell line (Hálová et al., 

2002), and in testis, especially spermatocytes and spermatids but not in Sertoli cells or interstitial 

cells, including Leydig cells (Kurita et al., 2001). TEC-21 belongs to the uPAR/Ly-6/snake neurotoxin 

family. The protein is constitutively included in lipid rafts of the RBL cells. Its antibody-mediated 
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triggering results in the enhanced phosphorylation of the tyrosine kinase Syk, LAT adaptor, elevated 

Ca2+ level, and release of secretory components such as β-glucuronidase. The cellular activation 

through TEC-21 is independent of the FcεRI, nor accompanied by tyrosine phosphorylation of FcεRI 

β and γ subunits, nor by the phosphorylation of or colocalization with the Lyn kinase (Hálová et al., 

2002).  

3.3 TRANSMEMBRANE ADAPTOR PROTEINS 

Transmembrane adaptor proteins form a large group of previously underestimated proteins (fig. 1) 

important for the proper immunoreceptor signaling. Those of our interest consist of a very short 

extracellular peptide, single transmembrane helix and intracellular domain containing multiple 

tyrosine-based motifs. Formally, ζ  chain of the TCR complex is such a protein, as well as the other ζ 

chain family proteins (η, DAP-12, DAP-10) closely associated with TCR, some Fc receptors and with 

some activating NK cell and myeloid cell receptors (Hořejší, 2004). LAT/LAT1, NTAL/LAB/LAT2, and 

PAG/Cbp are adaptors thought to be functionally associated with immunoreceptors in mast cells and 

some other haematopoietic cells – I will deal with them later in this chapter. Three other 

transmembrane adaptors associated with membrane receptors either weakly or not at all are TRIM 

(Bruyns et al., 1998), SIT (Marie-Cardine et al., 1999) and LAX (Zhu et al., 2002). These proteins are 

not associated with membrane rafts, do not possess the palmitoylation motif and all of them appear 

to be involved in some aspects of regulation of immunoreceptor signaling. V.Hořejší (Hořejší, 2004) 

reported potential existence of several other transmembrane adaptor molecules, some of them 

possessing a palmitoylation motif and therefore probably associated with membrane rafts. One of 

them, expressed mainly in T cells and named LIME, binds Lck and Csk when phosphorylated and 

may be involved in some aspects of immunoreceptor signaling (Brdičková et al., 2003;Hořejší, 2004).  

3.3.1 NTAL / LAB / LAT2 

NTAL/LAB/LAT2 (thereinafter NTAL only) was originally cloned as one of genes deleted in the 

Williams syndrome, an autosomal dominant disorder appearing with the frequency 1:10,000 of life 

births (Grimm and Wesselhoeft, 1980). The disorder in its full-blown form includes supravalvular 

aortic stenosis, multiple peripheral pulmonary arterial stenoses, elfin face, mental and statural 

deficiency, characteristic dental malformation, infantile hypercalcemia, and impaired visuospatial 

constructive cognition. NTAL is a 25-30kDa transmembrane adaptor protein associated with 

detergent resistant membranes in specific cell types of haematopoietic lineage. Similar to LAT, NTAL 

contains a putative transmembrane domain, a CxxC motif for potential palmitoylation, and a 

cytoplasmic domain with nine tyrosines conserved between mice and humans. The key distinction is 

in the absence of a putative PLCγ binding motif, analogous to that surrounding the Y132 site of 

human LAT. Tyrosine phosphorylation of NTAL is induced by FcεRI aggregation and c-Kit 
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dimerization in mast cells, FcγRI 

aggregation in monocytes, and 

BCR aggregation in B cells. 

NTAL is also expressed in 

resting NK cells but, unlike the 

related transmembrane adaptor 

protein LAT, not in resting T 

cells. As demonstrated in 

monocytes and B cells, 

phosphorylated NTAL recruits 

signaling molecules such as 

Grb2, Gab1 and c-Cbl into 

receptor-signaling complexes 

(Iwaki et al., 2007).  

Here in the Results chapter is presented one of the two existing gene knock-out studies and one of 

several knock-down studies of NTAL. Generally, they indicated that NTAL may function as both a 

positive and negative regulator of mast cell activation (paper 2; Zhu et al., 2004;Mutch et al., 2007), 

but its precise role in the activation of these and other haematopoietic cells remains still enigmatic. 

The current view is that NTAL does not function as a gatekeeper of mast cell degranulation. Rather, 

once cells are activated, it controls the extent of the degranulation response. But in contrast it seems 

that NTAL might be a gatekeeper of the mast cell cytokine production (Zhu et al., 2004). 

Overexpression of NTAL in a background of LAT deficiency reconstitutes T cell development and 

provides partial compensation for defects in TCR signaling (Janssen et al., 2004). Currently Saito`s 

group published that both NTAL and LAT contribute to the maintenance of Erk activation and survival 

through the membrane retention of the Ras-activation complex Grb2-Sos, describing differences 

between the LAT/Gads/SLP-76/PLCγ and LAT/NTAL/Grb2/Sos pathways (Yamasaki et al., 2007). 
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Figure 1. Number of publications about adaptor proteins is rapidly increasing. Data 
from the database Web of Science, Σ = 4731 publications from years 1945-2006. 

3.3.2 LAT / LAT1 

LAT/LAT1 (thereinafter LAT only) is another 36-38 kDa transmembrane adaptor protein similar to 

NTAL (see Chapter 3.3.1). It has a short extracellular domain and a long intracytoplasmic domain, 

which contains ten tyrosine residues in humans and nine in mice. Following TCR engagement, LAT is 

tyrosyl-phosphorylated by ZAP70 that is recruited to phosphorylated ITAMs and activated. Tyrosyl-

phosphorylated LAT thus provides multiple docking sites for a variety of SH2 domain-containing 

cytosolic enzymes and adapters. These include PLCγ, PTKs of the Tec family, the p85 subunit of 

PI3K, the exchange factor Vav and the adapters Gads, Grap, and Grb2 (Weber et al., 1998;Zhang et 
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al., 1998a;Zhang et al., 2000;Malbec et al., 2004). Previous works based on mutational analysis of 

LAT identified critical tyrosine residues involved in the recruitment of these molecules in T cells - the 

four distal tyrosines (Y132, Y171, Y191, and Y226 in humans, and their homologues in mice Y136, 

Y175, Y195, and Y235). Specifically, Y132/136 was demonstrated as being the major binding site for 

PLCγ, and the three distal tyrosines (Y171/175, Y191/195, and Y226/235) binding sites for Gads, 

Grap, and Grb2 (Zhang et al., 2000). The four distal tyrosines are critical for both TCR and FcεRI 

signaling. Unexpectedly, knock-in mice expressing LAT with a point mutation of the first or of the last 

three of these tyrosines exhibited an abnormal T cell development characterized by a massive 

expansion of TH2-like αβ or γδ T cells, respectively. This phenotype suggests that, besides positive 

signals, LAT might support negative signals that normally regulate terminal T cell differentiation and 

proliferation (Sommers et al., 2002;Aguado et al., 2002). As a consequence, serum IgG1 

concentrations were 100-fold higher than in wild-type mice, serum IgE concentrations were in the 

range of milligrams per milliliter and peripheral tissues were massively infiltrated with eosinophils. 

The mechanisms by which LAT controls FcεRI signaling are thought to be similar to the LAT-

dependent mechanisms that control TCR signaling. FcεRI aggregation in bone marrow-derived mast 

cells (BMMCs) from LAT–/– mice triggered a reduced phosphorylation of SLP-76 and of PLCγ, 

resulting in decreased Ca2+ mobilization and MAPK activation and, ultimately, in a decreased release 

of preformed mediators and secretion of cytokines (Saitoh et al., 2000;Malbec et al., 2004). Daëron`s 

lab (Malbec et al., 2004) focused on the IgE- and IgG-induced responses in BMMCs considered as a 

model of mucosal-type mast cells, and PCMCs, a novel type of cultured mast cells. They found that 

LAT differentially regulates the biological responses of mucosal- and serosal-type mast cells, and that 

LAT tyrosines differentially contribute to exocytosis, cytokine secretion, and intracellular signals. LAT 

was found to be dispensable in BMMCs, but indispensable in PCMCs. Y132/136 of LAT was found to 

be necessary and apparently sufficient for LAT to support FcR signaling in PCMCs whereas BMMCs 

require all four distal tyrosines. The three distal tyrosines could have a negative role in the two types 

of mast cells, whereas Y136 could have a negative role in BMMCs, but not in PCMCs (Malbec et al., 

2004). 

3.3.3 PAG / CBP 

By immunoprecipitation of detergent resistant membranes, 2-dimensional gel electrophoresis, 

micropeptide sequence analysis, EST database searching and 5-prime and 3-prime RACE, the 

laboratory of V.Hořejší obtained a complementary DNA encoding PAG/Cbp (thereinafter PAG only) 

(Brdička et al., 2000). It is a 70 kDa phosphoprotein, which shifts to approximately 85 kDa on 

immunoblot following cell stimulation. I contains a short 16-amino acid extracellular domain, short 

transmembrane domain and a cytoplasmic tail with nine putative tyrosine phosphorylation sites, 
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multiple putative casein kinase II and PKC phosphorylation sites and two proline-rich sequences. Of 

the nine putative tyrosine phosphorylation sites in the PAG molecule, six are associated with ITAM-

like motifs. The highest expression is in the immune system, in lung, heart, and placenta. In 

haematopoietic cells the highest expression is in peripheral blood lymphocytes, monocytes, mast 

cells and basophils, weakly in neutrophils. Although in vitro analyses suggested binding to nearly all 

SH2-domain-containing proteins, only Fyn, Csk, and EBP50 were shown to be associated with PAG 

in vivo (Brdička et al., 2000;Brdičková et al., 2001;Maksumova et al., 2005;Davidson et al., 2007). 

PAG recruits Csk to the plasma membrane through Y317 independent of Fyn. It is thought that the 

PAG-Csk complex increases the signaling treshold required for initiation of the immune response 

(Brdička et al., 2000). 

In RBL cells, PAG is constitutively tyrosine phosphorylated; aggregation of the FcεRI leads to the 

increase of this phosphorylation. PAG is constitutively associated with Csk in RBL cells; this 

association is enhanced following FcεRI aggregation indicating that more Csk is recruited to lipid rafts 

upon FcεRI aggregation, which in turn might lead to the downregulation of the FcεRI-mediated 

signaling (Ohtake et al., 2002c). Interestingly, we did not find any PAG to be associated with Csk in 

BMMCs, even though we confirmed the previous results from closely related RBL cells (see Results 

chapter). PAG overexpressing cells show reduced degranulation FcεRI-, but not PMA- or Ca-

ionophore-mediated response. Ca2+ mobilization induced by FcεRI aggregation was also impaired by 

PAG overexpression (Ohtake et al., 2002b). Later SHP-2 was found to regulate the phosphorylation 

of PAG, thereby controlling Csk access to Src family kinases and promoting activation of Src family 

kinases (Zhang et al., 2004). Interestigly, PAG was found to be overexpressed after cell infection with 

the intracellular protozoan parasite Theileria parva (Baumgartner et al., 2003). 

3.4 NONRECEPTOR PROTEIN PHOSPHATASES 

Large part of my Ph.D. studies was devoted to the understanding of the function of nonreceptor 

protein tyrosine phosphatases in cells of the immune system, especially mast cells. Substantial 

progress has been made in defining the functions of haematopoietic protein tyrosine phosphatases 

during last years; genome sequencing effort have revealed a large and diverse superfamily of 

enzymes functioning in a coordinated manner with protein tyrosine kinases to control signaling 

pathways underlying a broad spectrum of fundamental physiological processes. Individual 

phosphatases can enhance or diminish cell signaling levels. At least four lines of evidence suggest 

that phosphatases are involved in mast cell activation induced by FcεRI. First, the pretreatment of 

mast cells or their tumor derivatives with pervanadate, a phosphatase inhibitor, results in a rapid 

tyrosine phosphorylation of numerous substrates, including FcεRI (see paper 3, fig. 3). Second, the 
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disruption of receptor aggregates by monovalent hapten leads to a rapid dephosphorylation of FcεRI 

subunits and  downstream targets  of Lyn and Syk (Paolini et al., 1991). Third, in permeabilized  

Figure 1. Domain structure of the nonreceptor PTPs and lipid phosphatases known to be expressed in mast 
cells and basophils. Numbers on the right indicate molecular weight of the PTPs in kilodaltons. Reprinted from 
the review of Heneberg & Dráber (2002d). 

cells, the antigen-induced receptor phosphorylation is rapidly reversed if receptor-associated kinase 

activity is blocked with EDTA (Mao and Metzger, 1997). Fourth, several phosphatases exhibit 

changes in tyrosine phosphorylation and enzymatic activity after FcεRI aggregation (see e.g. paper 2, 
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fig. 5). Thus phosphatases obviously play an important role not only in resetting the cell activation 

system to baseline levels following removal of aggregated FcεRI but also in the regulation of 

numerous signal transduction molecules (Heneberg and Dráber, 2002c). 

Protein tyrosine phosphatases are characterized by the presence of a conserved catalytic domain of 

240–250 amino acid residues containing a unique sequence motif [I/V]HCxAGxxR[S/T]G (Denu et al., 

1996). Currently, they are represented by 107 genes in the human genome that encode members of 

four protein tyrosine phosphatase families (compared to 90 genes coding for protein tyrosine kinases) 

(Alonso et al., 2004). Based on composition of their catalytic domains, the protein tyrosine 

phosphatases can be grouped into four separate families, each having a range of substrate 

specifities. Class I Cys-based phosphatases contain 38 well-known classical strictly tyrosine-specific 

phosphatases, and 61 VH1-like dual-specific phosphatases. Class II Cys-based phosphatases are 

represented by just one member in humans, but their orthologues are present in all major phyla 

including plants, numerous prokaryotes and archea. Class III. Cys-based phosphatases are Tyr/Thr 

specific phosphatases evolved probably from the bacterial rhodanese-like enzyme, represented by 

three Cdc25 cell cycle regulators. The fourth family of protein tyrosine phosphatases is characterized 

by using aspartic acid insted of cysteine and their dependence on cations (Rayapureddi et al., 

2003;Tootle et al., 2003;Li et al., 2003). In humans, Eya proteins with Tyr or Ser/Tyr phosphatase 

activity belong to this fourth family (Alonso et al., 2004). 

In this thesis, I deal with the Class I Cys-based tyrosine phosphatases only. As I successfully 

implemented method of Burridge and Nelson for detection of phosphatase activities of nonreceptor 

protein tyrosine phosphatases in polyacrylamide gels (Burridge and Nelson, 1995), my experiments 

focused almost exclusively on this phosphatase subfamily. Those known to be expressed in mast 

cells and basophils are shown in fig. 2. The details regarding their interaction partners and their role 

in mast cell physiology were described by us in (Heneberg and Dráber, 2002b) just one year before 

start of my Ph.D. studies, thus I advert to that paper instead of unwinding the long story again. 

3.5 ACTIN CYTOSKELETON 

Actin is the most abundant eukaryotic cell protein constituting approximately 5 %, in muscle cells 

even 20% of its total protein content. Generally, it controlls the cell shape, migration, and 

spatiotemporal distribution of most of the cellular organels. Actin exists in two forms – a globular 

monomer called G-actin and filamenous polymer called F-actin. In the presence of high salts, G-actin 

polymerize into F-actin. Actin polymerization may be dysregulated by number of drugs. The most 

frequently used are cytochalasins and latrunculins disrupting actin filaments, or phalloidins and 

jasplakinolide stabilizing filaments. 
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All the drugs mentioned above are of the natural origin. Cytochalasins, a group of cell-permeable 

fungal metabolites, functionally resemble capping proteins as they block the barbed end of actin 

filaments causing their shortening (Cooper, 1987). Latrunculins were isolated first from the Red Sea 

sponge Latrunculia magnifica currently called Negombata magnifica. Latrunculins sequester 

monomeric actin by mimicking the activity of monomer sequestering proteins. It was suggested that 

latrunculin A binds to actin in the cleft between subdomains 2 and 4 of actin (Ayscough et al., 1997), 

which blocks adenine nucleotide exchange on actin and binding of thymosine β4. Phallotoxins are a 

group of bicyclic heptapeptides present in mushrooms. Phalloidin itself is a very toxic polypeptide 

isolated mainly from Amanita phalloides (Agaricaceae) called death cup, causing fatal liver, kidney 

and central nerve system damage. It binds to actin filaments much more tightly than to actin 

monomers  and shifts the equilibrium between filaments and monomers toward filaments. 

Fluorescent derivatives of phalloidin have been extremely useful in fluorescence microscopy of 

cellular actin in vitro (Cooper, 1987) even though phalloidin is unable to permeate the cell 

membranes directly, only using pinocytosis or after artificial permeabilization (Meier-Abt et al., 2004). 

The last mentioned drug, jasplakinolide, is a potent inducer of actin polymerization both in vitro and in 

vivo. It promotes both actin polymerization, and stabilizes existing actin filaments. Compared to 

phalloidin, jasplakinolide doesn`t stabilize actin oligomers and it can enter directly through the cellular 

membranes (Spector et al., 1999). 

In immune cells, actin polymerization is essential for mechanical properties and changes of the cell 

shape, but it is also involved in formation of the immunological synapse and cellular movement 

(Acuto and Cantrell, 2000). The first evidence that the most abundant microfilamentous structures in 

the cortical cytoplasm of mast cells are actin filaments emerged as early as in 1975 (Rohlich, 1975). 

Later it was shown that filamentous actin is present in the cortical region forming also a net-like 

structure surrounding granules and degranulation pores in stimulated mast cells. Patches of actin 

were observed also in the microvili (Tasaka et al., 1986), as well as in activation-induced membrane 

ruffles. The amount of F-actin is increased by FcεRI- as well as by Thy-1-driven RBL cell activation 

(paper 1, fig. 1; Apgar, 1994). In isolated BMMC, a short few-seconds-lasting period of actin 

depolymerization forerun the long phase of actin polymerization similar to those of RBL cells 

(Heneberg, unpubl.).  

Based on the results from T-cells, it seems, that adaptor proteins LAT and NTAL are responsible for 

the proper actin polymerization through binding of Gads and SLP-76, and further through activation of 

PLCγ1, binding of Nck and Vav (which activates Rho family G proteins), and for at all through 

promoting the interaction of Nck with WASP. WASP is a complex multidomain adaptor molecule 

containing sites for binding of many molecules including actin and the Arp2/3 complex, and thus 

enabling the initiation of actin polymerization (Bunnell et al., 2001;Pivniouk et al., 2003). The 
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importance of adaptors LAT and NTAL in initiation of actin polymerization was further corroborated 

using mice deficient in LAT and NTAL genes, in which the actin polymerization is impaired 

(Heneberg, unpubl.).  

3.6 STAT3 IN CELL SIGNALING 

A feature of many cytokines is that they engage the class of non-tyrosine-kinase cell surface 

receptors, which signal to the cell nucleus by activation of the JAK-STAT. Upon cytokine-induced 

receptor activation, monomeric cytosolic STATs are thought to be recruited to the cytoplasmic tail of 

the respective plasma membrane receptor, tyrosine phosphorylated by JAK family kinases, then they 

depart from the receptor by an unknown mechanism, dimerize, and translocate to the nucleus. In the 

nuclear compartment pY-STATs bind target DNA motifs and other transcription factors and thus 

modulate gene expression. But more recently, a couple of papers evolved (Yeung et al., 

1998;Lackmann et al., 1998;Ndubuisi et al., 1999;Sehgal, 2000) reporting that STAT proteins were 

present in the cytosol of mammalian cells not as free monomers but in the form of high molecular 

mass complexes of size 200-400 kDa and 1,000-2,000 kDa. E.g. (Ndubuisi et al., 1999) shown that in 

human hepatoma Hep3B cells ~5-10% of total cellular STAT3 and significant amounts of pY-STAT3 

were associated with a cytoplasmic membrane fraction. Later the same group showed that STATs 

associated with cytoplasmic membranes represent STATs contained in plasma membrane raft 

microdomains (Sehgal et al., 2002), which is now more than controversial as our group reported in a 

paper included in this thesis (paper 5) exclusion of STAT3 from detergent resistant membranes. 

Previous studies showed that removal of cholesterol by MβCD inhibits IL-6-induced tyrosine 

phosphorylation of STAT3. This was taken as an important evidence that lipid rafts are involved in IL-

6 signaling (Sehgal et al., 2002;Shah et al., 2002). Cytokine IL-6 belongs to a family of mediators 

involved in the regulation of acute phase response to injury and infections (Heinrich et al., 

1998;Heinrich et al., 2003). Dysregulation of IL-6-mediated signaling contributes to the onset and/or 

maintenance of several pathologies such as inflammatory bowel disease, rheumatoid arthritis or 

various types of cancer (Kishimoto, 2005a;Kishimoto, 2005b). IL-6 exerts its action by binding to the 

corresponding receptor composed of the 80 kDa ligand binding subunit (gp80, CD126) and the 

signal-transducing subunit (gp130, CD130). The binding leads to dimerization of gp130 and activation 

of protein-tyrosine kinases, JAK1&2 and Tyk2, which are constitutively associated with gp130. In 

turn, gp130 becomes tyrosine phosphorylated at its cytoplasmic tail and recruits transcription factors, 

STAT1 and STAT3. STAT3 is then phosphorylated on Y705 which is located in the conserved SH2 

domain allowing homodimerization as well as heterodimerization (Taniguchi, 1995;Smith and 

Crompton, 1998;Haan et al., 1999;O'Rourke and Shepherd, 2002;Shi et al., 2006). During 

translocation to the nucleus, STAT3 is phosphorylated on a serine, a process which is indispensable 
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for full transcriptional activity. In the nucleus the STAT3 dimer binds to specific class II IL-6 

responsive elements and activates the transcription of the target genes including genes of acute 

phase proteins (Heinrich et al., 2003). 

 

More recently, STAT3 was reported to be present in complexes with the Lyn kinase and PAG 

transmembrane adaptor protein in several B-cell lines and corresponding lymphoma tissues. But this 

association doesn`t seem to be general, as many other B-cell lines do not contain such a 

signalosomes. It is possible that STAT3 interaction with Lyn and PAG is responsible for the 

oncogenic potential of the Lyn kinase, as STAT3 might be one of prominent mediators of the signal 

between Lyn and cellular nucleus (Chakraborty et al., 1999;Holtick et al., 2005;Contri et al., 

2005;Sprangers et al., 2006). 
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4 AIMS 

The aim of this thesis was to contribute to elucidate some of the mechanisms of the cell 

signaling on the model of mast cells, basophils, and hepatocytes. First experiments 

corresponded to the topics of my master degree thesis dealing with the cloning and 

characterization of nonreceptor protein tyrosine phosphatases in mast cells and basophils, later I 

switched to more broad field of signaling through newly discovered adaptor proteins LAT and 

NTAL, to the communication between differen GPI-anchored proteins, surface receptors, and in 

part also to the role of signal transducer STAT3. Using the wide methodical background I focused 

to the following particular aims: 

1. To determine the role of actin in mast cell signaling via FcεRI and surface GPI-
anchored proteins (papers 1, 4, and 7) , focusing on: 

 

identification of the phosphatase activities in immunoprecipitates of actin-associated proteins, 

use of FRET and actin polymerization inhibitors to understand fine topography of signaling 

molecules, detection of the F-actin in resting and activated cells with dysregulated expression 

of adaptor NTAL 

 

2. To analyze the role of adaptor NTAL in mast cell signaling via FcεRI and Thy-1 (papers 

2, 4, and 7), focusing on: 
 

detection of the phosphatase activities in immunoprecipitates from NTAL-/- and wild-type mast 

cells using the phosphatase in-gel assay, flow cytometry analyses of FcεRI on NTAL-/- and 

wild-type mast cells, some of the blotting experiments, design and drawing of the signaling 

scheme of NTAL, LAT and Thy-1, some of the blotting experiments, flow cytometry 

experiments 

 

3. To describe a role of reactive oxygen and nitrogen species in the regulation of mast 
cell PTPs (paper 3), focusing on: 

 

new aspects of the mast cell signaling using reactive oxide and nitrogen species - manuscript 

design and writing including design and drawing of all the schemes 
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4. To analyze the spatiotemporal distribution of surface glycoprotein Thy-1 at different 
levels of resolution (paper 4), focusing on: 

 

manuscript design an writing, all the flow-cytometry-based experiments including FRET 

analyses, Fab fragments preparation, labeling of antibodies with FITC, TRITC, and biotin, 

statistical analysis, design and drawing of the concluding signaling scheme 

 

5. To analyze a topography of STAT3 in the signaling of freshly isolated hepatocytes and 
HepG2 cells (paper 5), focusing on: 

 
detection of the topography of STAT3 on IL-6-treated hepatocytes using confocal microscopy, 

detection of changes in the IL-6 receptor expression on MβCD-treated HepG2 cells using flow 

cytometry, detection of changes in the distribution of lysosomes and acidic organelles in both 

HepG2 cells and hepatocytes using flow cytometry 

 

6. To verify that our new method for isolation of plasma membrane sheets from 
nonadherent cells doesn`t lead to the unintentional cell activation (paper 6), focusing on: 

 
verification that the newly created method doesn`t induce any cellular activation 

 

7. To screen for the nonreceptor protein tyrosine phosphatases in mast cells and 
basophils and to show involvement of phosphatase PTP20 in the mast cell signalling 

(paper 8), focusing on: 

 
manuscript design and writing, most of the immunoprecipitation and blotting experiments, RT-

PCR-based detection of new phosphatase molecules in BMMC and RBL cells, phosphatase 

in-gel assay, kinase assay, monoclonal and polyclonal antibody design, immunization, 

cloning, selection, and characterization, sucrose density gradients, sepharose gradient 

 

The aims and the respective papers are ordered chronologically as they were published during 

my Ph.D. studies. As the aims were usually solved by a group of people and their results 

constitute compact and indivisible entity, the contribution of the thesis author is shown below each 

particular aim, but the aims are presented in their whole coverage. 

23 



 

5 METHODS 

During my Ph.D. studies I used a wide range of methods both used commonly at the Department 

of Signal Transduction or newly introduced by myself during my stay at the department. Here I 

show just a brief overview of methods I used. For the detailed informations regarding particular 

methods please check the Material and methods chapters of the papers enclosed. 

1. Mast cell isolation and cultivation 

Rat basophilic leukemia cell line RBL-2H3, and mast cells (BMMC) derived from freshly 

isolated mice bone marrow were cultivated in complete media alone (RBL-2H3, Dráberová 

and Dráber, 1991) or in complete media supplemented with recombinant growth factors IL-3 

and SCF (BMMC, Volná et al., 2004). Occasionally some other cell lines were used (papers 1-

8). 

2. Measurement of mast cell degranulation 

Detection of the β-glucuronidase released into supernatant (Surviladze et al., 2001). 20 µl 

aliquots of the supernatant were mixed with 60 µl of 40 µM 4-methylumbelliferyl β-D-

glucuronide. After 60 min incubation at 37°C, the reaction was stopped by adding 200 µl of 

ice-cold 0.2 M glycine buffer, pH 10.0, and fluorescence was determined in microtiter plate 

reader Fluorostar (SLT Labinstruments GmbH, Grödig, Austria) with 365 nm excitation and 

460 nm emission filters. Total cell content of the enzyme was evaluated in supernatants from 

cells lysed in 0.1% Triton X-100 (paper 2). 

3. Immunoprecipitation, SDS page, immunoblotting 

Detection of the protein immunoprecipitated using protein-specific antibodies bound to protein 

A/G/L using SDS page followed by a western blot (Laemmli, 1970). Immunoreactivity was 

detected by ECL (Amersham Pharmacia, Little Chalfont, UK) on X-ray film and/or quantified 

by Luminiscent Image Analyzer LAS-3000 (Fuji Photo Film Co., Tokyo, Japan) (papers 1, 2, 6 

& 8). 

4. Phosphatase in-gel assay 

Highly specific enzymatic assay detecting even traces of activity of nonreceptor protein 

tyrosine phosphatases (paper 1, Burridge and Nelson, 1995). The assay is performed in 

somewhat modified polyacrylamide gel allowing to detect the exact molecular weight of the 

desired phosphatase and to see ladders of phosphatases associated with other molecules 

24 



 

during coprecipitation experiments. It was the first published usage of this method in the 

Czech Republic (papers 1, 2 & 8). 

5. Kinase assay 

Detection of the tyrosine kinase activity (Tolar et al., 1997) of the precipitated protein tyrosine 

kinases (paper 8). 

6. Sucrose density gradient 

Sucrose density gradients (Hutchcroft et al., 1992) used for analysis of association of the 

analyzed adaptor molecules, protein kinases and phosphatases (paper 8). 

7. Sepharose gradient 

Gradient used for the fractionation of the multimolecular complexes (Dráberová and Dráber, 

1993). Used to proof that phosphatase PTP20 is present in different complexes than Lyn 

(paper 8). 

8. Confocal and fluorescence microscopy 

Used for detection of distribution of STAT3 and phosho-STAT3 in rat hepatocytes, and its 

changes following the cell activation (paper 5). Distribution of PTP20 in RBL cells and its 

changes following the aggregation of FcεRI, Thy-1, or TEC-21 (paper 8). 

9. Flow cytometry 

FcεRI level detection in differeciating bone marrow mast cells as an indicator of their maturity 

(paper 2), experiments with FcεRI and Thy-1 on RBL cells (paper 4), detection of IL-6 

expression on HepG2 cells and hepatocytes (paper 5), detection of changes in polymeric 

actin content (paper 7). 

10. Fluorescence resonance energy transfer 

FRET efficiency between FITC- and TRITC-conjugated cell-bound antibodies was detected. 

Donor fluorescence of double-labeled samples was compared with fluorescence of samples 

where the acceptor antibody was replaced by non-labeled antibody to compensate for any 

competition between the donor and acceptor antibodies. FRET efficiency was calculated from 

the fractional decrease of the donor fluorescence in the presence of the acceptor. Forward 

and side angle light scattering were used to gate out debris and dead cells. Calculated values 

25 



 

for FRET efficiency were expressed as the ratio of the number of excited donor molecules, 

tunneling their excitation energy to the acceptor, to the number of all excited molecules. It was 

the first usage of this method in the Department of Signal Transduction (paper 4). 

11. Monoclonal antibody design, immunization, cloning, selection, and characterization 

Monoclonal antibody against PTP20 was generated, characterized and transmitted to the 

company Exbio, s.r.o. for commercial use (paper 8, transfer protocols in chapter 6.9). 

12. Polyclonal antibody design, immunization, and characterization 

Panel of rabbit polyclonal antibodies was prepared against some of the phosphatase 

molecules (paper 8). 
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7 DISCUSSION 

7.1 MAIN PARTICULAR OUTCOMES 

The main scope of this thesis was to throw light on some of the important mechanisms of the cell 

signaling with the focus on mast cells, basophils, and hepatocytes. As my PhD studies resulted into 

eight manuscripts, each covering slightly different topic of the cell signaling, I will try here just to 

discuss the main outcomes related to the particular aims, as the detailed discussion of the results 

obtained is present in each of the papers attached. 

The fist particular aim was to determine the role of actin in mast cell signaling via FcεRI and surface 

GPI-anchored proteins. We have shown that actin is polymerized not only following the FcεRI-

crosslinking (Oka et al., 2002;Torigoe et al., 2004), but also following the dimerization of Thy-1.1 

surface glycoprotein using the OX7 mAb (paper 1). Subsequent crosslinking of biotinylated OX7 

resulted even into more rapid and extensive actin polymerization reaching its maximum one minute 

following the Thy-1.1 crosslinking. Unexpectedly, the Thy-1.1-induced actin polymerization was faster 

and stronger than those induced by FcεRI-crosslinking. This difference may reflect higher density of 

Thy-1.1 on the surface of RBL cells (106/cell) compared to the FcεRI (3*105/cell (Dráberová and 

Dráber, 1991)), or more likely the different molecular pathways involved in the signaling pathways 

triggered by Thy-1.1 and FcεRI. For instance FcεRI-driven actin polymerization requires activation of 

PKC, whereas actin polymerization driven by the adenosine receptor is PKC-independent, but G-

protein-dependent (Hall et al., 1997). Molecular background of Thy-1.1-induced actin polymerization 

remains unknown, but the time-course and extent of actin polymerization following Thy-1.1-

crosslinking resembled those induced by the adenosine receptor activation (Apgar, 1994). 

Inhibition of actin polymerization by latrunculin B or cytochalasin D resulted into dramatic changes of 

Thy-1.1-driven cell activation. Most prominent was the strongly enhanced secretory response 

following the Thy-1.1 aggregation (paper 1), phosphorylation of protein kinase Syk and adaptor 

proteins LAT and NTAL, and spatiotemporal distribution of PI3K, Gab2, and SHP-2. The effects of 

destabilization of actin filaments was similar to those observed in FcεRI-stimulated cells (Frigeri and 

Apgar, 1999;Holowka et al., 2000). Although a connection of Thy-1.1 and FcεRI with actin was 

predicted long time ago (Seagrave and Oliver, 1990;Apgar, 1990), the mechanism is still not clear. It 

seems that direct interactions between certain membrane lipids and actin (Le Bihan et al., 2005) may 

play a role  as both Thy-1.1 and FcεRI reside in lipidic domains of specific properties. 

The second particular aim was to analyze the role of adaptor NTAL in mast cell signaling via FcεRI 

and Thy-1. Although NTAL is known to be expressed in a variety of immune cells (Brdička et al., 

2002), genetic deletion in mice does not result in any notable phenotypic alteration except of mast 
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cells (paper 2; Zhu et al., 2004;Wang et al., 2005). NTAL-/- mast cells appear to develop normally 

both in vitro and in vivo as they epress normal levels of c-kit and FcεRI, their numbers do not differ 

from wild-type mice at least in the peritoneum, however their activation properties differ from the wild-

type (paper 2). Interestingly mast cells 

and NK cells are the only cells, where 

both NTAL and LAT – sequentially 

highly similar adaptor proteins – are 

expressed together, thus NTAL and 

LAT may balance the mast cell 

activation by competing in recruitment 

of some mast cell signaling molecules 

and thus their mast cell expression level 

may be of a higher importance than in 

other immune cell types, where just one 

of these proteins is present. 

In vivo challenge of the mice in an IgE-

dependent anaphylaxis model revealed 

a subtle but increased mast cell 

degranulation as determined by 

detection of blood-circulating histamine 

(paper 2). This is the phenotype 

observed previously also in Lyn-/- and 

SHIP-1-/- mice (Huber et al., 1998;Odom 

et al., 2004). Compared to Lyn or SHIP-

1-/- mast cells, NTAL-/- mast cells do not 

degranulate at suboptimal doses of 

antigen, whereas mast cells with 

deletion of the other two genes show 

enhanced degranulation at suboptimal 

doses of antigen (Huber et al., 

1998;Odom et al., 2004). 

When we tested our hypothesis 

that LAT and NTAL may compete 

for some of their interaction 

partners, we found that LAT 
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Figure 3. Human NTAL and LAT structural homology. Both adaptors 
contain a short extracellular part (extracellular) of approximately four 
aminoacids and a transmebrane domain (transmembrane, shown in yellow) 
of ~24 aminoacids. Both encode a conserved palmytoylation motif (CxxC) 
at the cytosolic transmembrane interface. Nine conserved tyrosine residues 
and their positions are shown. Some of them serve as putative binding 
sites for the Gads and Grb2 family adaptors (YxN). The motif YLVV (red) 
uniqe for LAT is known to be responsible for the binding of PLCγ; in mice 
LAT the PLCγ-binding site is at the position Y136. 
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phosphorylation is increased in the absence of NTAL (paper 2). In NTAL-/- cells, the molecules 

thought to be influenced directly by the NTAL deficiency, such as PI3K, ERK and SHP-2, all showed 

increased total activity. But interestingly, as the tyrosine phosphorylation of LAT was largely 

increased in in NTAL-/- cells, it can be hypothesized that the phosphorylation of LAT Y132/136 was 

increased as well. This tyrosine is known to bind PLCγ and regulating its activity in mast cells (Lin 

and Weiss, 2001;Saitoh et al., 2003). The increased phosphorylation of LAT Y132/136 in NTAL-/- 

cells is known to result in the increased PLCγ activity, increased PI3 production and into the 

increased calcium flux, which is the key in mast-cell degranulation (Blank and Rivera, 2004;Rivera, 

2005), thus upregulation of Y132/136 phosphorylation may partially explain the observed offects of 

NTAL deletion. 

Both NTAL and LAT are known to be localized to DRMs (called also rafts) as detected by the sucrose 

gradient ultracentrifugation. Although some disputes exist regarding the portion of LAT and NTAL in 

DRM fractions (paper 2; Hořejší, 2003;Lindquist et al., 2003;Zhu et al., 2004) and regarding 

importance of raft localization (Zhang et al., 1998b;Zhu et al., 2005;Tanimura et al., 2006), our study 

(paper 2) and the study of Zhu (Zhu et al., 2004) showed that there is an increased content of LAT in 

raft fraction of cell lysates in NTAL-/- mast cells. But at the resolution level of electron microscopy, 

LAT and NTAL were found to be located into distinct membrane patches, which do not mix together, 

but can be located aside of each one after FcεRI-aggregation (paper 2). As both LAT and NTAL 

showed the unexpected distinct localization and spatiotemporal behaviour, we focused on them in 

detail in two other papers discussed below.  

When we focused on NTAL and LAT in mast cell signaling via Thy-1, we found that Thy-1 aggregates 

colocalized with both these two transmembrane adaptor proteins (paper 4), which had been shown 

previously to inhabit different membrane microdomains (paper 2). Interestingly, extensive Thy-1 

aggregation led to closer proximity of LAT and NTAL clusters. Thy-1 aggregation led to tyrosine 

phosphorylation of these two adaptors. A schematic model of the distribution of Thy-1 isoforms, 

NTAL and LAT in nonactivated and Thy-1-activated cells is shown in paper 4, figure 10. Although 

pretreatment with latrunculin did not affect association of several signaling proteins (Lyn, LAT, NTAL 

and Thy-1) with DRM, it enhanced tyrosine phosphorylation of LAT, NTAL and even Syk, which is not 

considered to be associated with lipid rafts. It should be noted, however, that Syk could be recruited 

to lipid rafts through its binding to lipid raft-residing molecules such as Lyn (Amoui et al., 1997) or 

aggregated FcεRI (Field et al., 1997;Dráberová et al., 2004). Here we reported the first evidence that 

Thy-1 can affect signaling pathways using both NTAL and LAT adaptors. It indicates that aggregated 

GPI-anchored proteins can attract different membrane proteins in different clusters and thus can 

trigger different signaling pathways. 
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In our last NTAL-related paper, we focused on the analysis of adaptor NTAL in signaling via FcεRI in 

RBL cells (paper 7). We have shown that NTAL regulates FcεRI-mediated signaling at multiple steps 

and by different mechanisms. At early stages NTAL interferes with tyrosine phosphorylation of 

several substrates and formation of signaling assemblies, whereas at later stages it regulates the 

activity of store-operated calcium channels through a distinct mechanism independent of enhanced 

NTAL tyrosine phosphorylation.  

Decreased tyrosine phosphorylation of FcεRI subunits in NTAL overexpressing cells suggested that 

the activity of Lyn kinase is inhibited. However, immunocomplex kinase assays showed Lyn kinase 

activity in NTAL overexpressing cells is undiminished, implying that NTAL interferes with the 

accessibility of Lyn to FcεRI. This possibility is strengthened by data indicating that the amount of Lyn 

coprecipitated with FcεRI was higher in activated RBL cells than in NTAL overexpressing cells. 

Because Lyn, like NTAL, seems to be localized in lipid rafts (Dráberová and Dráber, 1993;Brdička et 

al., 2002), it is possible that direct or indirect interactions of Lyn with NTAL preclude the interaction 

between Lyn and FcεRI subunits. Although immunoprecipitation and immunocomplex kinase assays 

failed to show NTAL-Lyn interactions (Dráberová unpubl.), it is possible that procedures used to 

isolate NTAL immunocomplexes destroyed these interactions. 

We also proposed a possible regulatory role of NTAL at different phases of FcεRI-mediated Ca2+ 

signaling (paper 7, figure 9). At early stages of activation NTAL serves as a substrate for protein 

tyrosine kinases and thus could interfere with phosphorylation of FcεRI and LAT by a competitive 

mechanism. Furthermore, phosphorylated NTAL binds Grb2 and other signaling molecules, which 

could modulate the activity of various enzymes, including PI3K and PLCγ. Enhanced activity of PLCγ 

leads to increased production of IP3 and consequently to elevated levels of cytoplasmic Ca2+. At later 

stages of activation, NTAL could affect the function of SOC channels, reflecting its direct or indirect 

interactions with channel-forming proteins and/or their regulators such as Orai1 and/or Stim1 (Liou et 

al., 2005;Roos et al., 2005;Zhang et al., 2006;Cai, 2007;Jousset et al., 2007;Lorin-Nebel et al., 

2007;Mignen et al., 2007). This function of NTAL is not dependent on its enhanced tyrosine 

phosphorylation.  

The third particular aim was to describe a role of reactive oxygen and nitrogen species in the 

regulation of mast cell PTPs. We focused on the major sources and targets of reactive oxide and 

nitrogen species in mast cells and basophils. In our review (paper 3), we discussed the direct and 

indirect regulations of class I and II Cys-based protein tyrosine phosphatases (LMW-PTP, PTEN, 

PTP-PEST, SHP-2, PTP1B, PTPα, PTPε, DEP-1, TC45, SHP-1, HePTP and LAR). The enhanced 

tyrosine phosphorylation of numerous substrates in H2O2 pretreated cells was described two decades 

ago (Hayes and Lockwood, 1987). But the physiological relevance of this phosphorylation was 

unclear until recently when reversible inactivation of PTP1B by H2O2 was demonstrated (Lee et al., 

164 



 

1998). Modulation of enzyme activity by disulfide bond formation seems to be a universal mechanism 

of protein redox regulation in PTPs (Barrett et al., 1999;Chiarugi et al., 2001;Van der Wijk et al., 

2003;Li and Whorton, 2003;Cho et al., 2004;Van der Wijk et al., 2004;Barford, 2004;Tonks, 

2005;Salmeen and Barford, 2005;Shelton et al., 2005;Seth and Rudolph, 2006;Weibrecht et al., 

2007;Yang et al., 2007). The oxidation products of reactive cysteines in PTPs are Cys-SOH, 

glutathiolylated Cys, a disulfide bond with the neighboring Cys, and most recently found sulfenyl-

amide intermediate. The finding that activated mast cells are capable of producing ROS and RNS 

(paper 3, figures 1 & 2) suggests that these cells may undergo ROS- and RNS-mediated regulation 

of PTPs involved in FcεRI-mediated signaling. In this connection, it should be noted that NO gas was 

detected in exhaled breath of asthmatics (Kharitonov et al., 1994), and that NO generated by NOS in 

lungs could exert combined beneficial and harmful effects in asthma development (Coleman, 2002). 

The combined data highlight the potential role of redox-regulation in allergy, asthma and 

inflammatory diseases and could lead to further research on generation of new causal treatments 

based on targeting of reactive oxide and nitrogen species or their redox-regulated targets involved in 

signal transduction pathways.  

First diagnostic tests for ROS, RNS and their targets already appeared (Heffler et al., 2006) 

suggesting usage of measurement of exhaled nitric oxide as a diagnostic marker for the airway 

inflammation in patients with suspected diagnosis of asthma. As rhinitis and asthma are manifestated 

similarly, nitric oxide detection can be used as a tool for discrimination between allergic rhinitis, 

chronic rhinosinusitis (both associated with the asthma diagnosis, high content of exhaled nitric 

oxide), and nonallergic rhinitic (rarely associated with the asthma diagnosis, low content of exhaled 

nitric oxide) (Rolla et al., 2007). Interestingly, exhaled nitric oxide measurements can be used even 

for the prediction of asthma relapse in asymptomatic asthmatic children in whom inhaled 

corticosteroids are discontinued (Pijnenburg et al., 2005). 

As ROS and RNS were found to be implicated in the chronic airway inflammation related to the 

asthma and chronic obstructive pulmonary disease (Barnes, 1990;Repine et al., 1997), it`s no 

surprise that they cause also contraction of tracheal smooth muscle cells with an augmentation of 

Ca2+ in a ROS-concentration-dependent manner (Kojima et al., 2007). Both the contractile force and 

calcium concentration increase following the ROS-treatment mimicked the 1µM methacholine 

treatment. In turn, verapamil (inhibitor of voltage-operated Ca2+ channels), or SKF-96365 (1-{β-[3-(4-

methoxyphenyl)propoxy]-4-methoxyphenethyl}-1H-imidazole hydrochloride, a non-selective inhibitor 

of Ca2+ channels) inhibited the ROS-induced contractions partially (verapamil) or completely (SKF-

96365). RhoA is probably responsible for the changes in cell shape as the contractions are inhibited 

also by the Rho-kinase inhibitor Y-27632 ((R)-(+)-trans-N-(4-Pyridyl)-4-(1-aminoethyl)-

cyclohexanecarboxamide) (Kojima et al., 2007). 
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The combined data show the unexpectedly high potential of ROS, RNS, and their targets for the 

farmacological treatment. The major obstruction that ROS and RNS can diffuse through plasma 

membranes of surrounding cells may be circumvented by targeting of the treatment by cell- and 

organelle-specific tags. 

The fourth particular aim was to analyze the spatiotemporal distribution of surface glycoprotein Thy-1 

at different levels of resolution. In this study (paper 4) we used RBL cells and their transfectants 

expressing both endogenous Thy-1.1 and exogenous Thy-1.2 genes and analyzed topography of the 

Thy-1 isoforms and Thy-1-induced signaling events. Light microscopy showed that both Thy-1 

isoforms were in the plasma membrane distributed randomly and independently. Electron microscopy 

on isolated membrane sheets and fluorescence resonance energy transfer analysis indicated cross-

talk between Thy-1.1 isoforms and between Thy-1.1 and FcεRI. This cross-talk was dependent on 

actin filaments, which might be explained by direct interactions of actin with certain membrane lipids 

(Le Bihan et al., 2005) surrounding GPI-proteins-containing islets and by observations that whole 

rafts – containing both transmembrane and GPI-anchored molecules in a cholesterol-enriched 

environment – are attached to the actin cytoskeleton as observed using transmission electron 

microscopy of plasma membrane sheets (Lillemeier et al., 2006). Interestingly, B.Wilson`s group  

reported recently that FcεRI-bearing domains contain <50% of fully saturated fatty acids, inconsistent 

with the recruitment of aggregated receptors or GPI-anchored proteins to liquid ordered domains 

(Surviladze et al., 2007). Moreover they reported that FcεRI domains contained two times more 

sphingomyelin and a high ratio of cholesterol to total fatty acid content compared with Thy 1-enriched 

domains. But it seems that the spatial separation of molecules doesn`t necessarily mean that they 

will not communicate with the third molecule as Drbal et al.  reported that in naive T-cells, the TCR 

triggering induced the immobilization of CD45 and CD48 at different positions within the T-cell 

interface. Moreover the second GPI protein, CD59, did not co-immobilize indicating lipid raft 

heterogeneity in living T lymphocytes (Drbal et al., 2007). The system presented by Drbal et al. 

resemble that reported by us (paper 4) when Thy-1.1 associates with both, NTAL and LAT, and 

creates bridges between spatiotemporally separated clusters of these two adaptors. Analysis of the 

role of these two transmembrane adaptors in the Thy-1.1-driven signaling was a subject of the aim 2. 

Although Thy-1 is the most abundant molecule at the surface of some immune cells (Zucchini et al., 

2001), function of Thy-1 in immune cells remains still enigmatic. Thy-1-/- thymocytes exhibit impaired 

maturation of CD4+/CD8+ cells to their single-positive stage, probably due to inappropriate negative 

selection (Hueber et al., 1997) resulting in the reduced in vivo immune response including contact 

hypersensitivity, irritant dermatitis, and delayed-type hypersensitivity. On the molecular level, 

decreased protein tyrosine phosphorylation and reduced Ca2+ flux was recorded after TCR/CD3 

triggering of T-cells (Beissert et al., 1998). Recently, various functions of Thy-1 were reported – 
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namely in cell-cell and cell-matrix interactions in axon regeneration, apoptosis, adhesion, migration, 

cancer, and fibrosis (Rege and Hagood, 2006a). From the viewpoint of mast-cell research, the 

proposed interactions between Src kinases and Thy-1 (Rege and Hagood, 2006a) are of a great 

importance. Thy-1 was reported to interact with Fyn and Lyn (Thomas and Samelson, 

1992;NarisawaSaito et al., 1996), but as the GPI anchor of Thy-1 does not span the plasma 

membrane, some connection mechanism is needed. First, Thy-1 might activate Src-family kinases 

through direct interactions of the GPI anchor of Thy-1 with palmitoylated cysteines of Src-family 

kinases (Rege and Hagood, 2006a). Second, Thy-1 may signal to Src-family kinases throught an 

intermediate transmembrane adaptor protein. In support of the second hypothesis, Thy-1 was 

previously reported to coprecipitate with an 85-90 kDa transmembrane phosphoprotein containing a 

binding site for SH2-domain-containing proteins (Durrheim et al., 2001), which is probably PAG 

(Heneberg, unpubl.). Additionally, in this study, we have shown that Thy-1 co-localize with another 

two transmembrane adaptors, LAT and NTAL at the level of electron microscopy (paper 4, figure 8), 

and even it causes their phosphorylation (paper 4, figure 9). 

The fifth particular aim was to analyze a topography of STAT3 complexes in the signaling of freshly 

isolated hepatocytes and HepG2 cells. Previous studies showed that removal of cholesterol by 

MβCD inhibits IL-6-induced tyrosine phosphorylation of STAT3. This was taken as an important 

evidence that lipid rafts are involved in IL-6 signaling (Sehgal et al., 2002;Shah et al., 2002). 

Moreover caveolin was thought to be responsible for the proper STAT3 signaling (Sehgal et al., 

2002;Shah et al., 2002). However, in paper 5, we found that tyrosine phosphorylation of STAT3 is not 

dependent on intact lipid rafts and caveolin. Rather, it seems to be dependent on preassociated 

transducer complexes, which are sensitive to nonionic detergents. These complexes are involved in 

regulating equilibrium between kinases and phosphatases.  

Further we extended our study performed on HepG2 cells to the isolated hepatocytes as tumor cells 

could exhibit changes in composition of glycosphingolipids and thus change the properties of plasma 

membrane microdomains (Hakomori et al., 1983;Hiraiwa et al., 1990). The most significant changes 

associated with malignant transformation are changes in composition of glycosphingolipids, reflecting 

aberrant glycosylation. This could be caused by a defect in single or multiple glycosyltransferases 

and is often followed by accumulation of precursor lipids. Alternatively, tumor cells could exhibit 

glycosphingolipid biosynthesis pathways which are minor or absent in non-transformed cells, 

resulting in formation of so-called “neoglycosphingolipids”. In HepG2 cells, the typical tumor-

associated markers are sulfated and highly acidic glycosphingolipids, which are almost undetectable 

in normal liver tissue (Hiraiwa et al., 1990). We have shown for the first time that in nonactivated as 

well as IL-6-, PV- or IL-6+PV-activated freshly isolated hepatocytes, almost all STAT3 is localized in 

high density fraction as well as in HepG2 cells and that only a small part of STAT3 (<2%) is found in 
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flotation fractions. Furthermore, in vitro kinase assays with hepatocytes confirmed the previous 

results obtained with HepG2 cells that STAT3 signaling assemblies are sensitive to nonionic 

detergents which preserve DRMs. Thus, the conclusions drawn in this study from HepG2 cells can be 

extended to normal hepatocytes. The topography of signaling molecules and the interplay between 

kinases and phosphatases in IL-6-mediated STAT3 triggering have to be critically reevaluated, as it 

seems to be the major pathway used by drugs such as rosuvastatin (Mayer et al., 2007). 

The sixth particular aim was to verify that our new method for isolation of plasma membrane sheets 

from nonadherent cells doesn`t lead to the unintentional cell activation (paper 6). Quarter-century 

before, Sanan and Anderson (1991) established a method for isolation of plasma membrane sheets 

from cells growing as adherent monolayer on the glass surface. As such cells are rare among non-

transformed and non-activated leukocytes, we focused first to establish a new method for isolation of 

plasma membrane sheets from nonadherent cells (paper 6). Some authors employed cell 

immobilization using immunoligands or binding of cells to the poly-L-lysine (Schade and Levine, 

2002;Lillemeier et al., 2006), but these steps were both long-lasting and partially activating cell 

signaling pathways. Here we developed a new, very rapid method for the isolation of plasma 

membrane sheets from nonadherent cells. This method requires only ~1 min for settling the cells to 

ultraclean glass coverslips, and it is independent of binding of the cells to the poly-L-lysine. This 

method doesn`t induce any significant cell degranulation or phosphorylation of the cellular proteins 

(paper 6, figure 2), it even doesn`t require any preincubation of the cells at low temperatures. The 

method also doesn`t require active cytoskeleton-driven adsorption, thus it can be used in the 

presence of actin polymerization inhibitors (paper 6). Although the method is restricted to a fixed 

speciment, high-resolution electron microscopy combined with the immunogold labeling is a powerful 

technique used in a number of plasma membrane organization studies of us (papers 2, 4 & 7) and 

others (Wilson et al., 2002;Prior et al., 2003;Wilson et al., 2004;Lillemeier et al., 2006). Extension of 

the method to rapid and simple isolation of plasma membrane sheets from nonadherent cells 

contributes to its wider applicability and thus to the better understanding of signaling events in the 

immune cells. 

The seventh particular aim was to screen for the nonreceptor protein tyrosine phosphatases in mast 

cells and basophils and to show the involvement of phosphatase PTP20 in the mast cell signaling 

(paper 8). Despite the progress within last years, mRNA for only seven nonreceptor PTPs was known 

from mast cells and basophils (Heneberg and Dráber, 2002a), which did not suffice the needs for 

explanation of changes in protein tyrosine phosphorylation in mast cells. Using RT-PCR, we detected 

mRNA for 11 nonreceptor PTPs in RBL and BMMC cells. Among the molecules new for mast cells 

were PTPN2, PTPN4, PTPN13, PTP4A1, PTP4A2, and PTP20. We identified new rat mRNAs of 

several potentially important phosphatase molecules – PTPN4 known to participate on Src/Fyn 
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signaling (Möller et al., 1994;Edwards et al., 2001), PTPN13 known to play role in apoptosis, 

oxidative stress, and cell migration (Nedachi and Conti, 2004;Wang et al., 2004;Ying et al., 

2006;Ivanov et al., 2006;Dromard et al., 2007), and PTP-MEG2, reported from RBLs pursuant to 

antibody-based studies (Huynh et al., 2004), but isolation of a clone AF520784 was the first 

sequential confirmation of its presence in RBL cells. 

Out of the number of newly identified phosphatases in mast cells and basophils we selected PTP20 

as it seems to be important for the immunoreceptor signaling beeing found previously to be 

associated with T-cell submembrane PTKs (Wang et al., 2001a). It was reported to be expressed in 

brain, colon, in primitive haematopoietic cells and in several tumor-derived cell lines (Kim et al., 

1996;Cong et al., 2000). As it was known to interact with Csk kinase (Wang et al., 2001a), and with 

actin through PSTPIP-family adaptors (Wu et al., 1998), we selected this molecule as a potential 

candidate molecule important for mast cell signaling. We found that PTP20 activity is slightly 

increased following FcεRI- or Thy-1-mediated activation. But, surprisingly, we coroborated the 

interaction of PTP20 with Csk only in BMMC, not in RBL cells. In Csk immunoprecipitates from RBL 

cells, PTP20 was replaced by another PEST-type phosphatase, PTP-PEST, and PTP20 wasn`t 

present even in large macromolecular aggregates nor in detergent-resistant membrane fractions. We 

expected that PTP20 could be present in PAG-Csk complexes in mast cells, but finally we found that 

these complexes common for RBL and many other cells (Brdička et al., 2000;Ohtake et al., 2002a) 

are not present in BMMC. As PTP20 was recently described as a possible tumor supressor (Gensler 

et al., 2004;Gandhi et al., 2005;Guimaraes et al., 2006), it is possible that dissimilar properties of 

PTP20 in RBL cells, which are of the tumorigenic origin, compared to BMMC cultivated from freshly 

isolated bone marrows may reflect its tumor-suppresor activity. 

To be able to detect specific activities of nonreceptor PTPs in vitro, I implemented the method of 

phosphatase in-gel assay. This method was developed in mid 90`s by Burridge and Nelson (1995) 

and can be applied to for detection of phosphatase activities of all the nonreceptor PTPs. The 

advantage of this method is that the researcher is able to detect exact molecular weight of the 

respective proteins with phosphatase activities and is able to distinguish between several PTPs in 

one sample, as the method involves sodium dodecyl sulfate polyacrylamide gel electrophoresis 

fractionation step. The ability to distinguish between different PTPs in one sample is a great 

advantage making the phosphatase in-gel assay highly usable in detection of phosphatase activities 

of co-precipitating molecules in immunoprecipitates of various signaling proteins. As phosphatases 

were recently found to be reversibly deactivated by oxidation of their active residues (paper 3; Meng 

et al., 2002;Ross et al., 2007;Weibrecht et al., 2007), and thus regulated not only by reversible 

phosphorylation, but also by reversible oxidation, the phosphatase in-gel assay was currently 

improved. Iodoacetic acid is used now to alkylate selectively the thiolate anion of the active Cys in a 
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reduced form, whereas the oxidized Cys is resistant to alkylation. The standard phosphatase in-gel 

assay is then used and allows to discriminate between samples treated and untreated with the 

iodoacetic acid, thus showing changes in phosphatase activities caused by reversible oxidation of 

PTPs (Markova et al., 2005;Meng et al., 2005). 

7.2 POSSIBLE PHARMACOTHERAPEUTICAL APPLICATIONS OF THE THESIS RESULTS 

Understanding of cell submembrane signaling properties is the key premise to be able to treat and 

manage a vast number of diseases coupled with abnormalities in the membrane and submembrane 

signaling molecules. Though my thesis is focused mostly on the basic science, we achieved 

several application outcomes and elucidated number of cell signaling mechanisms utilizable 

in the search for new drugs against many widely widespread syndromes.  

Among these was the most frequent monogenic disease with dominant inheritance, Noonan 
syndrome, which occurs at an incidence of about 1:1,000 of life births (Nora et al., 1974). Noonan 

syndrome – a disease with cardiac symptomatology - is caused by mutations in genes coding for the 

phosphatase SHP-2 and factor SOS1 (Araki et al., 2004;Roberts et al., 2007). Elucidation of the 

mechanism of SHP-2 involvement in the signalosomes of proteins Gab2 and Grb2 were among the 

particular aims of papers 1 and 2. For this purpose, I introduced a method of phosphatase in-gel 

assay (Burridge and Nelson, 1995) – it was the first use of this method in the Central and Eastern 

Europe. 

I participated on the analysis of essential functions of the cellular cytoskeleton in the signaling of 
mast cells and basophils through the FcεRI (responsible for allergic reactions) and some GPI-

anchored proteins (responsible i.a. for the cell communication with the extracellular parasites (Baorto 

et al., 1997)). We found that actin cytoskeleton forms some form of a „fence“ hampering the 

unwanted contacts of individual molecules during the mast cell signaling (papers 1, 4 & 7), as 

reported before from some other cell types (Kusumi et al., 1999;Boggs and Wang, 2004;Morone et 

al., 2006). It is important to note, that inhibition of actin polymerization using latrunculin B mimicked 

the FcεRI- or Thy-1-driven activation (paper 1 & 4). As we reported that actin depolymerization led to 

the enhanced FRET between FcεRI and Thy-1 (paper 4) and as FcεRI is known to interact with the 

actin microfilaments itself (Frigeri and Apgar, 1999), we hypothesized that actin is the main regulator 

responsible for the physical separation of membrane molecules. This hypothesis was supported also 

by findings that actin-driven rearrangements of the cytoskeleton are responsible for the localization of 

GPI-anchored proteins in immunological synapses (Loertscher and Lavery, 2002). Interestingly, Thy-

1 (a GPI-anchored protein of our interest) was previously reported to regulate cytoskeletal 

organization and migration by modulating the activity of RhoGAP and RhoGTPase (Barker et al., 

2004). 
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An important part of the thesis was the analysis of function of transmembrane adaptor proteins. Most 

of these molecules were described during the last decade and it is clear that they play very important 

role in the immune cell signaling (Ubersax and Ferrell, 2007;Engelke et al., 2007). I focused mostly 

on the analysis of the role of transmembrane adaptor proteins NTAL and LAT, where we described 

characteristics of the NTAL-/- mice (paper 2), some spatiotemporal properties of both these adaptors 

(paper 4) and characteristics of RBL cells with enhanced or decreased NTAL expression (paper 7). 

As NTAL was originally cloned as one of genes deleted in the Williams syndrome, an autosomal 

dominant disorder appearing with the frequency 1:10,000 of life births (Grimm and Wesselhoeft, 

1980), and as we and others shown its involvement in Ca2+ signaling, cell adhesion, and in regulation 

of some other mast cell signaling cascades, NTAL seems to be an important pharmacological target. 

Another transmembrane adaptor, PAG, is known to be involved in the infection of cells by Theileria 

parva, an obligate intracellular protozoan parasite which is the causative agent of Corridor disease, 

Zimbabwean theileriosis, and above all East Coast fever, an acute, leukemia-like disease of cattle. 

The intralymphocytic stage of the parasite induces blastogenesis and clonal expansion of quiescent 

bovid lymphocytes accompanied by the increased PAG expression (Baumgartner et al., 2003). 

Studies of the PAG interactions with its potential partners Csk and PTP20 were among the aims of 

the paper 8, and the research still continues more in detail at the department. 

Another recently emerging topic in the mast cell research is the regulation of their physiological 

functions by the reactive oxide species. In contrary to previous views, it is thought that they are 

important not only for mast cell proliferation and apoptosis, but also for proper signaling through the 

FcεRI or c-kit (Swindle and Metcalfe, 2007). In our review (paper 3) we focused on the influence of 

reactive oxygen and nitrogen species on the regulation of PTPs. As nitric oxide was reported to be in 

exhaled breath of asthmatics (Kharitonov et al., 1994) and as presence of exhaled nitric oxide was 

even used as a diagnostic test for asthma in rhinitic patients with asthmatic symptoms (Heffler et al., 

2006), the therapeutic potential of novel drugs regulating the production of reactive oxygen and 

nitrogen species is tremendous. 

The last major topic included in this thesis was the detailed analysis of changes in spatiotemporal 

distribution of STAT3 in isolated hepatocytes and in the tissue cell line HepG2 activated by LI-6 

cytokine. STAT3 is the key protein in the maintenance of glucose homeostasis. As STAT3 behaves 

as a latent transcription factor in resting cells, it need to be activated by IL-5, IL-6, IL-11, epidermal 

growth factor, leukemia inhibitory factor, oncostatin M, or ciliary neurotrophic factor (Lutticken et al., 

1994). The demand for some activation stimulus suggest its high utilizability in the diabetes mellitus 

farmacotherapy. 
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8 CONCLUSIONS 

1 Thy-1 aggregation caused a rapid increase in the level of filamentous actin. Actin polymerization 

following Thy-1 aggregation was faster and more extensive than that observed following FcεRI-

aggregation. 

 Inhibition of actin polymerization by latrunculin B or cytochalasin D resulted into dramatic increase 

of degranulation and calcium response in Thy-1-activated RBL cells. 

Inhibition of actin polymerization by latrunculin B or cytochalasin D alone induced a weak 

increase in tyrosine phosphorylation of cellular proteins including phosphorylation of the β subunit 

of the FcεRI, but it didn`t shift the distribution of FcεRI on the sucrose density gradient in both 

resting and Thy-1-stimulated cells. 

2. By comparing FcεRI-mediated signaling events in NTAL- and LAT-deficient BMMC, we found that 

antigen-mediated degranulation responses were unexpectedly increased in NTAL-deficient mast 

cells. The earliest event affected was enhanced tyrosine phosphorylation of LAT in antigen-

activated cells. This was accompanied by enhanced tyrosine phosphorylation and enzymatic 

activity of PLCγ1 and PLCγ2 resulting in elevated levels of IP3 and free intracellular Ca2+. NTAL-

deficient BMMCs also exhibited an enhanced activity of PI3K and SHP-2. Although both LAT and 

NTAL are considered to be localized in membrane rafts, immunogold electron microscopy on 

isolated membrane sheets demonstrated their independent clustering. The combined data show 

that NTAL is functionally and topographically different from LAT. 

 We reported the first evidence that Thy-1 can affect signaling pathways using both NTAL and 

LAT adaptors. Thy-1 aggregates colocalized with both transmembrane adaptor proteins, NTAL 

and LAT, which had been shown to inhabit different membrane microdomains. Thy-1 aggregation 

led to tyrosine phosphorylation of both these adaptors. The combined data indicate that 

aggregated GPI-anchored proteins can attract different membrane proteins in different clusters 

and thus can trigger different signaling pathways. 

 We also analyzed properties of RBL cells with enhanced or reduced NTAL expression. 

Overexpression of NTAL led to changes in cell morphology, enhanced formation of actin 

filaments and inhibition of the FcεRI-induced tyrosine phosphorylation of the FcεRI subunits, Syk 

kinase and LAT and all downstream activation events, including calcium and secretory 

responses. In contrast, reduced expression of NTAL had little effect on early FcεRI-induced 

signaling events but inhibited calcium mobilization and secretory response. Calcium response 

was also repressed in Ag-activated cells defective in Grb2, a major target of phosphorylated 
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NTAL. Unexpectedly, in cells stimulated with thapsigargin, an inhibitor of the endoplasmic 

reticulum Ca2+ ATPase, the amount of cellular NTAL directly correlated with the uptake of 

extracellular calcium even though no enhanced tyrosine phosphorylation of NTAL was observed.  

We concluded that NTAL regulates FcεRI-mediated signaling at multiple steps and by different 

mechanisms. At early stages NTAL interferes with tyrosine phosphorylation of several substrates 

and formation of signaling assemblies, whereas at later stages it regulates the activity of store-

operated calcium channels through a distinct mechanism independent of enhanced NTAL 

tyrosine phosphorylation. 

3. We described a role of reactive oxygen and nitrogen species in the regulation of class I and II 

Cys-based protein tyrosine phosphatases together with the major sources and targets of reactive 

oxide and nitrogen species in mast cells and basophils. Redox-regulated protein tyrosine 

phosphatases are thought to be important targets in the development of new ways of therapeutic 

intervention in allergies and inflammatory diseases. 

4. Using RBL cells and their transfectants expressing both endogenous Thy-1.1 and exogenous 

Thy-1.2 genes we analyzed topography of the Thy-1 isoforms and Thy-1-induced signaling 

events. Light microscopy showed that both Thy-1 isoforms were distributed randomly and 

independently in the plasma membrane. Electron microscopy on isolated membrane sheets and 

FRET analysis indicated cross-talk between Thy-1 isoforms and between Thy-1 and FcεRI. This 

cross-talk was dependent on actin filaments.  

5. Pretreatment of HepG2 hepatoma cells with MβCD, which removes cholesterol and destroys lipid 

rafts, inhibited tyrosine phosphorylation of STAT3 in IL-6-activated, but not PV-activated cells. 

Furthermore, when the cells were lysed under conditions preserving lipid rafts, no IL-6- or PV-

induced phosphorylation of STAT3 was observed. Although most of the STAT3 was found in 

large MβCD-resistant assemblies in both non-activated and IL-6-activated cells, its association 

with lipid rafts was weak or undetectable. The extent of IL-6-induced tyrosine phosphorylation of 

STAT3 was comparable in cells expressing low or high levels of caveolin. Similar STAT3 

transducer complexes were observed in freshly isolated rat hepatocytes. The combined data 

suggest that STAT3 tyrosine phosphorylation occurs in preformed transducer complexes that can 

be activated in the absence of intact lipid rafts or caveolin. 

6. Rapid, simple and versatile method for isolation of PM sheets from nonadherent cells was 

developed and used for examination of the topography of FcεRI, LAT and NTAL in murine 

BMMC. The data were compared with those obtained with widely used but tumor-derived RBL 

173 



 

cells and they demonstrated unexpected properties of FcεRI signaling assemblies in BMMC and 

emphasised the importance of studies of PM sheets isolated from non-tumor cells. 

7. Using RT-PCR, we detected mRNA for 11 nonreceptor PTPs in RBL and BMMC cells. Among the 

molecules new for mast cells were PTPN2, PTPN4, PTPN13, PTP4A1, PTP4A2, and PTP20. We 

identified new rat mRNAs of several potentially important phosphatase molecules – PTPN4, 

PTPN13, and PTP-MEG2. Out of them we focused on PTP20 using newly developed monoclonal 

antibody against PTP20. We found that large pool of PTP20 interacts with a mast cell nuclear 

membrane, and deassociates from it in a time-dependent manner following the aggregation of 

FcεRI or surface glycoproteins Thy-1.1 and TEC-21. Another pool of PTP20 was present in 

perinuclear cytoplasm and the smallest part was associated with the plasma membrane. We 

found that PTP20 was associated with Csk and deassociates from it following the FcεRI 

aggregation. Interestingly, we did not find any PTP20 phosphatase activity in immunoprecipitates 

of PAG from RBL. In RBL cells, PAG complexes contained Csk and another phosphatase, SHP-

2; Csk itself was found to interact with PTP-PEST, but not with PTP20. Association of SHP-2 and 

Csk with PAG was dependent of the FcεRI activation and on the expression of another adaptor 

NTAL. While in mouse BMMC, PAG did not associated with Csk, nor with PTP20. Interestingly, 

PTP-PEST was replaced by PTP20 in BMMC Csk complexes. PTP20-Csk interaction is not 

necessary for proper cell signaling and may be replaced by other PEST domain-bearing 

phosphatases. 

 As an application output, I developed a set of mono- and polyclonal antibodies against 

nonreceptor PTPs. Monoclonal antibody PTP20/35 directed against phosphatase PTP20 was 

transferred to the spin-off company EXBIO Praha, a.s. for futher commercial utilization. 
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10 ABBREVIATIONS 
 

Brij 96  polyoxyetheylene (10) oleyl ether 

BMMC  bome marrow mast cells 

Btk  Bruton's tyrosine kinase  

Cbp  Csk-binding protein 

Cbl  Casitas B cell lymphoma 

CD  cluster of differentiation 

Cdc25  cell division cycle 25C 

Csk  c-Src tyrosine kinase 

DAP-10 DNAX-activating protein of 10 kDa 

DAP-12 DNAX activation protein of 12 kDa 

DEP-1  high cell density–enhanced PTP 1 

DNA  deoxyribonucleic acid 

DRM  detergent-resistant membranes 

EBP50  ezrin-radixin-moesin binding phosphoprotein 50  

ECL  enhanced chemiluminiscence 

EDTA  ethylenediaminetetraacetic acid 

ERK  extracellular signal-regulated kinase 

EST  expressed sequence tag 

F-actin  filamentous actin 

FcεRI  high-affinity receptor for IgE, type I 

FERM  band 4.1, ezrin, radixin, moesin 

FITC  fluorescein isothiocyanate 

FRET  fluorescence resonance energy transfer 

Gab  Grb2-associated binding protein 

G-actin globular actin 

Gads  Grb2-related adaptor downstream of Shc 

GFP  green fluorescent protein 

GM1  monosialotetrahexosylganglioside 

gp  glycoprotein 

GPI  glycosylphosphatidylinositol 

Grap  Grb2-related adaptor protein 

Grb2  growth factor receptor-bound protein 2 

GTP  guanosine-tri-phosphate 

HePTP haematopoietic protein tyrosine phosphatase 
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IgE  immunoglobulin E 

IgG  immunoglobulin G 

IL  interleukin 

ITAM  immunoreceptor tyrosine-based activation motif 

JAK  Janus kinase 

LAB  linker for activation of B cells  

LAR  leucocyte common antigen-related phosphatase 

LAT    linker for activation of T cells 2 

LAX  linker for activation of X cells  

Lck  Leukocyte specific kinase 

LTIIb  E. coli heat-labile toxin type II 

LIME   Lck-interacting membrane protein 

LMW-PTP low molecular weight protein tyrosine phosphatase 

mAb  monoclonal antibody 

MβCD  methyl-β-cyklodextrin 

MAPK   mitogen-activated protein kinase 

MEK  mitogen-activated protein kinase/ERK kinase 

NK  natural killer 

NOS  nitric oxide synthase 

NP40  Nonidet P-40 

NTAL  non-T cell activation linker  

PAG  phosphoprotein associated with GEMs 

PCMC  peritoneal cell-derived mast cells 

PDZ  postsynaptic density 95/Discs Large/Zonula Occludens 1 domain 

PI3K  phosphoinositide 3-kinase 

PIP3   phosphatidylinositol-3,4,5-triphosphate 

PKC  protein kinase C 

PLCγ  phospholipase C γ 

PMA  phorbol 12-myristate 13-acetate 

PRL  phosphatase of regenerating liver 

PSTPIP proline-serine-threonine phosphatase interacting protein  

PTEN  phosphatase and tensin homologue deleted on chromosome ten 

PTK  protein tyrosine kinase 

PTP  protein tyrosine phosphatase 

PTP-MEG megakaryocyte protein tyrosine phosphatase 

PTPN  nonreceptor protein tyrosine phosphatase 

PTP-PEST (Pro-Glu-Ser-Thr) domain containing protein tyrosine phosphatase 
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Rac  Ras-related C3 botulinum toxin substrate 

RACE  rapid amplification of complementary DNA ends 

Ras  rat sarcoma 

RBL  rat basophilic leukemia 

Rho  Ras-homologous  

RhoGAP RhoGTPase-activating protein 

SCF  stem cell factor 

SEC14  domain in homologues of a S. cerevisiae phosphatidylinositol transfer protein 

SH2  Src-homology domain 2 

SHIP  Src homology 2 domain–containing 5-inositol phosphatase

SHP  src homology 2 domain-containing tyrosine phosphatase 

siRNA  small interfering ribonucleic acid 

SIT  SHP2 interacting transmembrane adaptor protein 

SLP-76 SH2 domain containing leukocyte protein of 76kDa 

SOC  store-operated calcium 

SOS  son of sevenless 

STAT  signal transducer and activator of transcription 

Stim1  stromal interaction molecule 1 

Syk  Splenic tyrosine kinase 

TC45  45 kDa variant of the T cell protein tyrosine phosphatase 

TCR  T cell receptor 

TH2  T helper type 2 

TEC  teratocarcinoma 

TEX101 TES101-reactive protein 

TRIM  T cell receptor-interacting molecule 

TRITC  tetramethylrhodamine isothiocyanate 

Tyk2  tyrosine kinase 2 

uPAR  urokinase plasminogen activator receptor  

VH1  variola H1 

ZAP70  zeta-chain associated protein kinase 70kDa 

 

aminoacids are abbreviated in both one- or three-letter form depending on the context 
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