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ABSTRACT - EN

ABSTRACT (EN)

This thesis is focused on two important gate-keepers of mast cell signaling. The first is the
complex of the high-affinity receptor for immunoglobulin E (IgE) (FceRI) associated with Lck/Yes-
related novel tyrosine kinase (Lyn), which is involved in acquired immune responses and the second is
the stromal interaction molecule (STIM)1, which senses calcium levels in endoplasmic reticulum (ER)
and upon depletion of ER Ca" stores participates in opening of the plasma membrane Ca*" release-
activated Ca’" (CRAC) channels.

Although the structure of FceRI is known for many years and numerous molecules associated
with the receptor have been described, the exact molecular mechanism of initiation and termination of
the FceRI signaling is elusive. Therefore, we evaluated the current knowledge on the molecular
mechanisms of FceRI phosphorylation with emphasis on the newly described model according to which
cross-talk between protein tyrosine phosphatases (PTPs) and protein tyrosine kinases (PTKs) sets the
threshold for FceRI tyrosine phosphorylation (PTK-PTP interplay model). Furthermore, we extended
the knowledge about topography of active phosphatases which are prone to oxidation within the clusters
of transmembrane adaptor proteins non-T cell activation linker (NTAL) and linker for activation of T
cells (LAT) upon FceRI triggering.

Using bone marrow-derived mast cells BMMCs as a model, we obtained new data on
colocalization of STIM1 with microtubule filaments and movement of STIM1 in microtubule-
dependent manner that reflected direct communication between STIM1 and microtubule plus-end
tracking protein EB1. To determine whether STIM1 regulates EB1 movement and microtubules
organization in calcium dependent manner we prepared BMMCs with reduced expression of STIMI.
We found, as expected, that STIM1-deficient cells exhibited impaired calcium signaling upon activation
and that this resulted in inhibition of de-novo reorganization of microtubules. Unexpectedly, treatment
of BMMCs with the inhibitor of microtubules polymerization (nocodazole) failed to impaire
translocation of STIM1 to ER/plasma membrane junctions and CRAC channels function. The cross-talk
between microtubules and STIM1 was analyzed in detail by recording changes in reorganization of
microtubules in BMMCs attached on fibronectin-coated slides after their activation with different
stimuli (antigen, thapsigargin or pervanadate). BMMCs activated by all activators employed showed
formation of distinct microtubule protrusions. This hitherto unknown mast cell function required co-
stimulatory signaling from integrins. STIM1 was localized in the plasma membrane protrusions
suggesting that local calcium signaling plays a role in formation of such protrusions.

Significant effort was also directed towards production of new monoclonal and polyclonal
antibodies toward STIM1 and development of new real-time polymerase chain reaction (PCR) master
mixes suitable for amplification of DNA fragments from whole blood and/or GC-rich templates.
Outputs from these projects are either commercially available products (anti-STIM1 monoclonal

antibody) or are in the processing for commercial use [new quantitative PCR (qPCR) master mixes].




ABSTRACT -CZ

ABSTRACT (C2)

Tato disertacni prace je zaméiena na dva dualezité regulatory signalizace zirnych bunék. Prvnim
z nich je komplex vysoce afinniho receptoru pro imunoglobulin E (IgE) (FceRI), ktery se podili na
ziskanych (adaptivnich) imunitnich odpovédi a druhy je stromalni interak¢ni molekula 1 (STIM1), ktera
monitoruje hladiny vépniku v endoplasmickém retikulu (ER) a po uvolnéni Ca®" z ER se podili na
otevieni vapnikovym uvolnénim aktivovanych vapnikovych (CRAC) kanald.

I kdyz je struktura FceRI znama jiz mnoho let a byla popsana fada molekul asociovanych s
timto receptorem, presny molekularni mechanismus zahajeni a ukonceni FceRI signalizace zlstava
nejasny. V této studii jsme vyhodnotili dosavadni poznatky o molekularnich mechanismech iniciace
fosforylace FceRI s dlirazem na nové popsany model, podle kterého vzajemné interakce mezi protein
tyrosin fosfatazami (PTPs) a protein tyrosin kindzami (PTKs) nastavi prah tyrosinové fosforylace FceRI
(PTK-PTP interakéni model). Dale jsme rozsifili poznatky tykajici se topografie fosfataz citlivych k
oxidaci po stimulaci FceRIl v ramci klastri transmembralnich adaptorovych proteinti: T bunky
neaktivujici ,.linker* (NTAL) a , linker* aktivovanych T lymfocytd (LAT).

Zirné buiiky piivodem z kostni diené (BMMC) jsme pouzili jako modelovy systém pro ziskani
novych poznatkl o vzdjemné lokalizaci STIM1 s mikrotubulovymi filamenty a pohybu STIM1 zavislém
na pohybu mikrotubuli, ktery reflektoval pfimou komunikaci mezi STIM1 a proteinem sledujicim plus-
konce mikrotubult, EB1. Abychom ur¢ili, zda STIM1 reguluje organizaci mikrotubuld v zavislosti na
vapniku pfipravili jsme BMMCs se snizenou expresi STIM1. V souladu s ocekavanim jsme zjistili, Ze
bunky se snizenou expresi STIM1 maji po aktivaci naruSenou vapnikovou signalizaci, a Ze de-novo
reorganizace mikrotubuli byla inhibovana. Prekvapive, v bunkach ovlivnénych inhibitorem polymerace
mikrotubull (nocodazolem) nebyla narusena translokace STIM1 do oblasti pfiblizeni ER/plazmatické
membrany a aktivace CRAC kanalli nebyla naruSena. Vzajemna interakce mezi mikrotubuly a STIM1
byla detailné analyzovana sledovanim zmén v reorganizaci mikrotubult BMMCs po jejich aktivaci
riznymi podnéty (antigenem, thapsigarginem nebo pervanadatem). Aktivace bunc€k pfisedlych pres
fibronektin na podlozni sklicka vedla k tvorbé¢ mikrotubulovych vy¢nélki. Tento doposud neznamy
fenotyp Zzirmych bun€k vyzadoval integrinovou kostimulaci. Pfitomnost STIM1 ve vycnélcich
naznacuje, ze lokalni vapnikova signalizace mtize hrat roli pti tvorbé mikrotubulovych vybézki.

Vyznamné usili bylo také zaméfeno na piipravu novych monoklonalnich a polyklonalnich
protilatek proti STIM1 a vyvoji novych polymerazovych fetézovych reakénich (PCR) smési vhodnych
pro amplifikaci DNA fragment( z krve anebo GC-bohatych templati. Vystupy z téchto projektd jsou
bud’ komer¢né dostupné produkty (anti-STIM1 monoklonalni protilatka), nebo jsou v procesu piipravy

pro komercni vyuziti (nové kvantitativni PCR smési).
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INTRODUCTION

Mast cells and basophils — from history to the present
Paul Ehrlich in his thesis (1878) described tissue-resident granular cell type based on staining

with toluidine blue and other cationic aniline dyes. He called them in German “Mastzellen” (mast cells)
and misleadingly hypothesized that their granules could nourish the surrounding tissue. In his other
work, he described also eosinophiles, neutrophiles and blood mast cells, now known as basophils. From
the current point of view mast cells and basophiles are critical effector cells in immunoglobulin E (IgE)-
associated immune responses to pathogens (parasites and some bacteria) as well as in allergic disorders,
such as eczema, asthma, hay fever and anaphylaxis. Furthermore, mast cells are present at the sites of
autoimmune inflammation and are able to modulate adaptive immune system [1].

Mast cells and basophils belongs to the innate immune system and share a lot of common
features, among them the most prominent is rapid release of preformed proinflammatory mediators to
antigen challenge, presence of the FceRI and c-Kit receptor for stem cell factor (SCF), and similar but
not identical production of proinflammatory mediators. On the other hand, some morphological and
physiological features are different: mature mast cells are long-lived (weeks to months) cells resident in
almost all tissues including central nervous system (CNS) or testes; in contrast, short-lived (days)
basophiles form a minority fraction of blood leukocytes and to the sites of inflammation are recruited
[1].

Mast cells are derived from cluster of differentiation (CD)34+ hematopoetic stem cells residing
in bone marrow [2]. Recent works slightly lifted the fog over the basophile and mast cells relationship
and several models have been proposed (Figure 1). Mast cell progenitor (MCP) derived from
multipotential cell progenitors (MPP) was isolated from adult mouse bone marrow (Figure 1A) [3].
Arinobu et al. identified a bipotent basophil/mast cell progenitors (BMCPs) in mouse spleen. These
progenitors are derived probably from common myeloid progenitors (CMP) or granulocyte-macrophage
progenitors (GMP). BMCPs are characterized by expression of non-specific transcription factors
GATA-1 (globin transcription factor 1), PU.1 and MITF1 (microphthalmia-associated transcription
factor) and low level of CCAAT/enhancer-binding protein a (C/EBP a; Figure 1B). The up-regulation
of C/EBP a plays a critical role in basophile lineage development. Overexpression of C/EBPa, in mast
cells leads to reprogramming them into basophils lineage whereas engraftment of mice lacking mast
cells (Kit""™) with BMCPs leads to repopulation of the spleens and stomachs with mast cells. In this
work, authors also isolated another mast cell progenitor from intestine and basophil progenitor residing
in bone marrow [4]. It is obvious that mast cells rais from progenitors of a common hematopoetic origin

and that the environmental milieu of the tissue influences their development.
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Figure 1. Two current models decribing the development of mast cells in the context of development of
other hematopoetic lineages. (A) According to Chen et al. mast cells progenitors (MCP; denoted in
blue) are derived from multipotential cell progenitors (MPP). (B) In contrast, Arinobu et al. found a
basophil/mast cell progenitors (BMCP; orange sphere) in mouse spleens. BMCP are derived from
granulocyte-macrophage progenitors (GMP; green sphere) and give rise to both MCP and basophil
progenitors (BaP; violet sphere; Arinobu et al., 2009).

Mast cells subpopulations
Rodent mast cells can be distinguished by histochemical staining on two main populations,

safranin positive connective tissue mast cells (CTMCs) and safranin negative mucosal mast cells
(MMC:s). These two distinct populations differ both qualitatively and quantitatively in composition of
mast cell granules, which depend on the local humoral microenvironment [S]. CTMCs are readily
stained with safranin because of heparin presence; reside in skin, joints and in rodents also in peritoneal
cavity. The MMCs convert arachidonic acid (AA) mainly to leukotriens (LT) via 5-lipoxygenase (5-LO)
dependent pathway [6], while CTMCs preferentially exhibit cyclooxygenase activity leading to
prostaglandins production [7]. Interestingly, in vitro differentiated BMMCs, which is a widely used
research model cell strain, resemble some attributes of interleukin (IL)-3 dependent MMCs of jejunum
[8]. It has been shown, that tumor growth factor B (TGF-B) induces in BMMCs expression of MMCs

specific chymase: mouse mast cell protease (mMCP)1 [9].
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Mast cells responses to stimuli

FceRI-induced response to antigen/pathogen is a multistep process which can be divided
according to the timing of responses to the following step: 1) an immediate response leading to
exocytotic release of secretory compartments 2) initiation of AA metabolism 3) de novo synthesis of
cytokines, growth factors and chemokines 4) long-term homeostatic regulation after mast cells

activation (Figure 2).

Seconds Minutes Hours Days

Granule, Mast cell New granule

\ I
Degranulation Granules replenished Survival, possible proliferation

De novo mediator production

Preformed mediators: Eicosinoids Cytokines such as
Proteases Prostaglandins TNF and IL-4
TNF Leukotrienes

Histamine

Figure 2. The TgE-mediated effector functions of mast cells can be grouped according to the timing of
responses to immediate responses: releasing of preformed proinflammatory mediators dependent on
Fyn-Gab2 (Grb2-associated binder 2)-RhoA signaling axis and calcium mobilization; delayed
immediate responses: production of eicosanoids in calcium dependent manner; late responses:
activation of transcription factors [e.g. nuclear factor of activated T-cells (NFAT) and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB)] induces de novo synthesis of cytokines,
chemokines or growth factors; delayed homeostatic responses: mast cells restore the secretory
lysosomes, initiate the pro-survival pathways, and despite being terminally differentiated, they can
proliferate in response to appropriate signals (Abraham and St. John, 2010).

1) Mast cells degranulation

Degranulation is a Ca’*-depended process initiated with pathogen or allergen challenge. Relevancy
of mast cells in host defense against pathogens highlights the fact that degranulation of
heparine/tryptase complexes is an evolutionary conserved immune response first described in mast-cell-
like cells in lowly urochordates [10]. Mast cell granules are compartments of endocytic origin with dual
function — secretory and degradative therefore are referred as secretory lysosomes. Many synthesized
products targeted to secretion [at least 15 serine proteases, serotonin, histamine, tumor necrosis factor o
(TNFa), cathepsin D or cathelin-related antimicrobial peptide] are stored in secretory lysosomes
together with lysosomal enzymes such as B-glucuronidase, B-hexosaminidase, arylsulfatase and
carboxypeptidases [5;11;12] . At the molecular level, two functionally distinct secretory lysosomes have
been described. Secretory lysosomes bearing vesicle resident fusion v-SNARE (vesicle SNAP receptor)
isoform VAMP-8 (vesicle-associated membrane protein 8) comprise histamine and TNFo but are
devoid of serotonin and cathepsin D [13]. According to ultrastructural electron microscopy, granules

can be distinguished into three types of compartments (I-III). Type I is characterized with internal
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vesicles, type Il are organelles with electron-dense core enriched in serotonin surrounded by vesicles
and type III elecron-dense serotonin rich granules [12] .

Internal vesicles, also called exosomes, are spherical particles (30-100 nm in diameter) formed
by inward budding of the late endosome membranes. Such compartments are known as multivesicular
bodies which can fuse with membranes and are released as membrane exosomes into cell environment
[14]. It has been shown that 30% of mast cells and almost all basophils contain on the surface of
exosomes major histocompatibility complex (MHC) clas II in the orientation enabling antigen
presentation. MHC class II can be also exposed on the surface of basophils [12;15-17] and in some
cases also on the surface of mast cells [12;16-18]. The exosomes play an important role in cell-cell
communication [19]. It has been shown, that mast cells-derived exosomes contain also functional
messenger ribonucleic acids (mRNAs) and microRNAs, which are transferable to other mast cells. This
mRNA referred as exosomal shuttle RNA (esRNA) can be translated in the recipients cells [20]. Thus, a
new mechanism of cell-cell communication mediated by esRNA was proposed. Recently, it has been
shown that mouse mast cells exposed to oxidative stress have different composition of mRNA
exosomes content in contrast to control cells. Subsequently, the exosomes have been capable of
inducing protection against oxidative stress in recipient cells [21].

Electron-dense granules contain negatively charged serglycin proteoglycans heparin and/or
chondroitin sulfate that serve as an electrostatic scaffold for a range of proteases, serotonin and TNFa
[5;12;22]. This macro-molecular complexes are released from mast cells as approximately 0.9 um large
spherical particles composed of many smaller ~60nm spheres and potentially are endocytosed by
fibroblasts, macrophages or eosinophiles [5;22]. These mast cells-derived sub-micrometer particles
comprising heparin bound TNFa can also enter lymphatic vessels and thus explain fast accumulation of
unstable TNFa in draining lymphoid nodes (DLN) without dilution to ineffective concentration or
degradation during the way from the site of inflammation [22]. Mast cell-like heparin-chymosan
particles loaded with TNFa were successfully used as potent adjuvants during mice immunization. On
the other hand, artificial particles with encapsulated IL-12 promoted Thl response. Thus, this newly
described phenomena triggered by mast cell activation seem to be promising in clinical modulation of
adaptive immune system because of the capacity to transfer the biological message to remote distances

from the site of application [23].

2) Arachidonic acid derived mediators
Eicosanoid synthetic pathways initiate cytosolic phospholipase A2 which yields AA from membrane
phospholipids including nuclear envelope phospholipids. AA is a substrate for cyclooxygenases, which
catalyze conversion to prostanoids including prostaglandins and thromboxanes, and lipoxygenases,
which converse AA into leukotriens and lipoxins [24]. 5-LO converts AA into unstable intermediator
LTA4 which is further metabolized to LTB4 by LTA4 hydrolase in nucleus and cytoplasm or by
endoplasmic reticulum (ER) transmembrane protein LTC4 synthase to LTC4 in cytoplasm [25].
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3) Production of cytokines, growth factors and chemokines

A broad spectrum of stimuli induces expression of genes coding cytokines, growth factors and
chemokines. The plethora of products is reviewed in Gali et al. [26], the expression of some of them is
species and tissue dependent. Shortly, mouse BMMCs mostly express IL-3, IL-4, IL-6, IL-13 and TNFa.
cytokines; chemokine (C-C motif) ligand (CCL)2, CCL3, CCL5 and CCL8 chemokines and NGF
(nerve  growth factor), VEGF (vascular endothelial growth factor) and GM-CSF

(granulocyte/macrophage colony stimulating factor) growth factors [26].

4) Homeostatic events following mast cell degranulation

In comparison to some other cell types of the innate immune system, mast cells are able to survive
activation, replenish granules and even further proliferate in the local tissues [23;26]. Crosslinking of
FceRI or aggregation of glycosylphosphatidylinositol-anchored proteins (GPI-APs) is accompanied by
transient massive externalization of phosphatidylserine on the outer cytoplasmic membrane leaflet
which is not recognized as an apoptotic signal [27]. Similarly, mast cells are resistant to Fas-mediated
cell death in antigen-activated mast cells which increasingly express Fas receptor on the surface [28].
The most critical activation-induced survival factors upon FceRI crosslinking depend on up-regulation
of anti-apoptotic Bcl-2 (B-cell lymphoma 2) family member Al or a human homolog Bfl-1 [29;30].
Interestingly, antigen-mediated expression of Al is associated only with CTMCs which explains

prolonged survival of this subpopulation in contrast to MMCs [31].

Mast cells in immunological network

Mast cell responses to pathogens
Mast cells are located mostly at the body interface with external environment, surrounding both

blood and lymphatic vessels, and periferal nerves; in gastrointestinal and respiratory tract are in the
close association with smooth muscles and mucus-producing glands; under physiological conditions
reside in CNS mainly in the vicinity of meninges venules [26;32;33]. The positioning of mast cells in
the blood venules vicinity is important for the IgE capturing from circulation because mast cells can
dynamically surmount the venule walls with extended processes outstanding into the vascular
compartment [34]. Tissue resident macrophages, dendritic cells and mast cells together with epithelial
cells can recognize among the first invasive pathogens and inform the host immune system of a
potential threat [35]. The expression of the innate immune-associated receptors enables mast cells to
respond to pathogen—associated molecular patterns (PAMPs) and a tissue injury evoked damage-
associated molecular patterns [35;36]. Proteases released by mast cells [carboxypeptidase 3A (Cpa3)
and mast cell protease 4 (Mcpt4)] play a central protective role to snakes, honeybea, Gila monster lizard
or scorpions envenomation [37;38]. The exocytosis of stored histamine and TNFa rapidly enhances
vascular permeability and the resulting edema is a physiological process accompanied with the local
tissue enrichment in fluid and plasma proteins followed by appearance of blood leukocytes in the site of

inflammation [39]. Changes in vascular permeability are further potentiated by cysteinyl LTs (LTCA4,
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LTD4 and LTE4) [40]. Histamine, LTC4 and LTD4 induce also releasing of the vascular endothelial
cells specific granules known as Weibel-Palade bodies compraising among others preformed P-selectin.
The externalization of P-selectin on the vascular endothelial cells contributes to the leukocytes rolling
and their extravasation from the blood stream [41;42]. TNFa induces the expression of others molecules
involved in leukocytes tissue-directed migration: intercellular adhesion molecule 1 (ICAM-1) and E-
selectin on the endothelial cells. These effects can be synergistically enhanced by histamine [43] and are
important for a recruitment of dendritic cells into the tissues infected with bacteria [44]. Mast cell-
derived TNFa is also important in early recruitment of neutrophils to the CNS in experimental
autoimmune encephalomyelitis (EAE). Neutrophils presence in CNS subsequently disturbs the integrity
of blood brain barrier [33]. Cysteinyl LTs are responsible for bronchoconstriction [45;46] and potently
contribute to the IgE-mediated pathophysiology to allergens. Recently, it has been shown that intact
parasympathetic system and mast cells-derived serotonin are important for bronchoconstriction [47].
Mast cells ability to induce contraction of mucosal smooth muscle is behind their involvement in the
expulsion of parasites from intestine [48;49]. Engrafment of mast cells into mast cell-deficient Ws/ws

rats and kit™sVWsh

mice revealed that mast cells play a role in the primery response to hookworm
parasite (Nippostrongylus brasiliensis) but the second wave was mediated by basophils independently
of Th2 cells and mast cells [49]. This mast cells — basophils interplay seems to be important in
immunity against blood-feeding ectoparasite Haemaphysalis longicornis. The IgE-mediated acquired
immunity to a secondary challenge with ticks is crucially dependent on basophiles as has been shown in
mice lacking this cell type [50]. Furthermore, TNFa of mast cell origin preclude the onset of malaria in
mice infected with Plasmodium berghei [51]. The list of parasites inducing mast cell-dependent defense
includes also nematode Trichinella spiralis [52] or protozoa Leishmania major [53]. The numbers of

mast cells enhance in DLN of mice infested with L. major [54] and kit

mice infected with L. major
developed larger skin lesions with more parasites than control mice [53].

Mast cells defence against bacteria could be divided on direct or indirect response. Direct
response to Streptococcus pyogenes includes formation of mast cells extracellular traps; the mechanism
of these phenomena was firstly recognized in neutrophils defence towards pathogens [55]. The
extracellular traps are nets composing of a cell material bound to DNA released during specific type of
cell death which depend on elastase and myeloperoxidase activity [56]. Because of presence of tryptases
or cathelicidin antimicrobial peptide, the entraped bacterias S. pyogenes are effectively killed [55].
Phagocytosis is another direct mechanism of mast cells-mediated defence against bacteria. BMMCs
recognize and phagocytose the type 1 fimbrated enterobacteria Escherichia coli, Enterobacter cloacae
and Klebsiella pneumonia [57]. Human cord blood-derived mast cells can also bind and internalize
different gram-negative and gram-positive bacteria [58]. On the other hand, the ability of
Staphylococcus aureus to escape killing promoted by cellular machinery enables to S. aureus
simultaneously survive a potent extracellular antimicrobial activity developed by mast cells, thus, long-
lived mast cells can serve as a refuge of S. aureus latent infection [59]. The interaction between mast

cell and bacteria is followed by TNFa secretion [57-59]. This cytokine response indirectly recruits

neutrophils to the sites of inflammation and is crucial for mice survival as was proved in studies of
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experimentally induced peritonities in mice lacking mast cells [60;61]. The recruitment of neutrophils
into peritonal cavity during peritonitis is also dependent on other mast cells derived mediators, such
leukotrienes [62], mMCP-6 protease which promotes endothelial cells to induce IL-8-mediated long-
lasting attraction of neutrophils [63] and mast cells-derived IL-6 which enhances neutrophils-mediated
killing of K. pneumonie during intraperitoneal infection [64]. Mouse mast cells express cathelicidin
peptide called cathelin-related antimicrobial peptide and human skin mast cells cathelicidin LL-37.
Mice mast cells lacking cathelin-related antimicrobial peptide are not capable of efficient Streptococcus
eradication comparing to mast cells derived from control littermates [65].

Mast cells promotion of the antiviral activity is less understood. Convincing data link dengue
virus to degranulation of human, monkey and rodent mast cells and induction of anti-viral immunity
genes transcription. Mice deficient in mast cells reveal impaired clearance of dengue virus because of
diminished recruitment of naturel killer and natural killer T cells to the sites infested with dengue

viruses [66].

IgE-mediated immune responses
Mast cells are central effector cells in IgE-associated acquired immune responses which can be

protective (anti-parasitic immunity) or deleterious (allergic disorders). In other words, the T helper
(Th)2 cells-dependent immune responses are targeted against physiological antigens (parasites) or
environmental antigens (allergens). IgE involvement in parasite clearance was well documented in mice
infected with a nematode Trichinella spiralis, which is accompanied in humans and mice with the
augmented production of IgE and a mastocytosis in the mucosa of the small intestine [67;68]. Infection
of IgE-deficient mice with T. spiralis exhibit a similar mastocytosis and eosinophilia in jejunum
comparing to wild type cells but spleen mast cells hyperplasia and serum levels of mMCP-1 (MCPT-1)
were lowered in IgE-deficient mice. The expulsion of the nematode from the gut was slowly delayed in
IgE-deficient mice [69]. This data are in corcordance with the study on mice mMCP1-deficient mice
which exhibit a significant delay in T. spiralis expulsion from intestine (Knight 192:1849). Moreover,
in IgE-deficient mice the numbers of larval encystment in the tongue muscle was enumerated more than
twice comparing to the control mice and the necrosis of larvae was in IgE-deficient mice diminished. In
the control mice, IgE was associated with encysted larvae, thus, IgE is involved in immune responses to
different development stages of T. spiralis [69].

IgE-mediated deleterious immune responses could be divided on immediate, late and delayed
phases which develop in minutes, hours and days, respectively [70]. Persisting or repetitive exposure to
allergen could mediate chronic allergy disorders such as asthma, allergic rhinitis and atopic dermatis
which are accompanied with tissue remodelling and altered function of affected organs [71]. It has been
shown that almost all IgE-dependent immediate and late hypersensitivity responses are directly
dependent on mast cells humoral activity and that the basophils are responsible for some of the systemic
anaphylaxis responses as well as delayed phases of IgE-mediated allergic inflammation. The later

immune responses are promoted by the effector activity of other lymphocytes recruited into the sites of
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inflammation [70;72]. Using mice lacking the expression of FceRI or a low-affinity receptor for IgE
(FceRII) it has been shown that FceRI is crucial for developing of the immediate, late and delayed phase
of IgE-mediated immune responses and that FceRII is dispensable [70]. Recently, it has been
demonstrated, that the passive cutaneous and systemic anaphylaxis was completely abolished in a new
model of mast cell-deficient mice. The expression of Cre recombinase from the mast cell specific
carboxypeptidase A locus (Cre-Master mice) led to a selective depletion of MMCs and CTMCs
lineages. Cre-Master mice exhibit no spontaneous onset of immune responses and thus seem to be a
more suitable model for study of mast cells because previous models of mast cells deficiency relied on
mutation of c-kit or its ligand, which influnced a wide scale of hematopoetic cell types. However,
because basophils express low levels of Cpa3, their numbers in the spleens of Cre-Master mice were
decreased about 40% [73].

The involvement of distinct cell types in IgE-associated immune responses was studied in
transgenic mice expressing 2,4,6-trinitrophenol-(TNP)-specific IgE. Single intradermal challenge with
TNP-ovalbumin elicited a triphasic ear swelling response, which corresponded to the IgE-mediated
immune responses. The authors referred to the third phase of ear swelling as an IgE-mediated chronic
allergic inflammation accompanied with eosinophiles and neutrophils infiltration. Interestingly, they
revealed that basophils infiltration is indispensable for developing of the third phase of ear swallowing
and that this process is surprisingly based on basophils while independent of mast cells and other

lymphocytes [70].

Mast cells in autoimmune diseases

Mast cells contribution to autoimmune diseases remains controversial because of contradictory
data obtained on different animal models. Rheumatoid arthritis and multiple sclerosis are two examples
of serious human autoimmune diseases promoted by autoantibody-directed immune responses which
are studied on animal models induced by immunization to elicit autoimmune response. Mast cells
deficient mice are those with mutation in Kitlg, gene encoding c-kit ligand SCF or in c¢-Kit receptor
(Kit"™ or Kit™*™") Tt has been shown that administration of K/BxNserum elicits experimental

W/Wv

arthritis in animal models. However, Kit mice are resistant to develop the experimental arthritis.

Kit""™" mice reconstituted with BMMCs from wild type C57Bl/6 mouse reverts the susceptibility to
arthritis. Interestingly, BMMCs from IL-la-deficient mice failed to develop arthritis and IL-la
administration together with arthritogenic K/BXN serum to mast cells deficient Kit""" reestablished the
susceptibility to arthritis [74]. Similarly, involvement of mast cells in EAE has been documented by

restoration of susceptibility to EAE in Kit"' ™"

mice immunized with myelin glycoprotein and complete
Freund adjuvans after their engraftment with wild type BMMCs. EAE is accompanied with increase in

blood-brain barrier permeability and infiltration of CNS with Thl and Thl17 cells. Moreover, EAE

development was reverted in Kit""""

engrafted with mast cells lacking TNFa. The authors suggest that
mast cells-derived TNFa dependent recruitment of neutrophils in the early stages of the EAE is crucial

for blood-brain barrier disruption and acceleration of CNS damage after immunization with myelin
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glycoprotein [33]. The key role of neutrophils in EAE was corroborated by Carlsson and colleagues
who suppressed EAE by genetic silencing or blockade of a chemokine receptor CXCR2 [chemokine C-
X-C) motif receptor 2] which is important for polymorphonuclears to be recruited into the sites of
inflammation [75].

In contrast to these data, studies on Kit"*"V"

mice failed to report impaired susceptibility to
immunization-mediated arthritis [76] or even in the case of EAE the manifestations of disease
exacerbate in these mice after administration of myelin [77]. As was mentioned in the previous chapter
recently was established the Cre-Master mice model with eradicated mast cells and partially decreased
numbers of basophiles [73]. Cre-Master mice after injection with K/BxN serum were fully susceptible

to the disease but Kit"'™"

mice were resistant, thus the authors proposed that unrecognized Kit signaling
event, independent of mast cells, is responsible for susceptibility to arthritis [73]. Current animal models
suffer from unnatural eliciting of autoimmune diseases which could mask the subtle contributory role of
distinct cell types in the early stages of autoimmune diseases. Thus, further studies on more natural
animal models which tend to develop autoimmune responses are desirable to reveal the role of mast

cells in autoimmune diseases.

Mast cell as a partner in immune interactions
Mast cells are potent modulators of adaptive immune system. They are capable of inducing

dendritic cells migration towards the sites of inflammation and into the lymph nodes. There is strong
evidence that mast cells influence other cell types by humoral activity, releasing of exosomes and cell-
cell interactions. Direct interactions of mast cells with dendritic cells have been observed [19]. The
central role in this immunological synapses plays FceRI and the transfer of mast cells-internalized
material to dendritic cells has been documented [19]. Moreover, artificially immobilized antigen and
even mobile monovalent antigen in lipid bilayers induce formation of signaling competent IgE-FceRI
synapses which resemble synapses triggered by T-cell receptor (TCR) and B-cell receptor (BCR)
signaling [78].

Immunological synapses are formed also between T cells and mast cells. Co-incubation of
human mast cell line 1 or BMMCs with activated T cells led to B-hexosaminidase and histamine
release. This effect was not observed when transwell cell culture chambers were used indicating that
direct contact of T-cells with mast cells is crucial for mast cells degranulation [79]. These data were
extended by Inamura et al. who found out that antibody-mediated blocking of intercellular heterotypic
aggregation based on leukocyte function-associated antigen-1 and ICAM-1 abolished in mast cells co-
cultured with T lymphocytes degranulation [80]. Finally, synapse formation has been shown between
effector CD4+ T helper cells and isolated peritoneal mast cells or peritoneal cell-derived mast cells
primed with interferon y (IFN- v) and IL-4 which induced surface expression of MHC class II and CD86
costimulatory molecule on mast cells. These T cells-mast cells synapses were enriched in
TCR/CD3/Lck (lymphocyte-specific protein tyrosine kinase) signaling complexes and the treshold for

activation of mast cells cultivated with T helper lymphocytes was lowered [18].
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Humoral activity of mast cells modulates dendritic cells function; mast cells-derived histamine
and TNFa play a central role in dendritic cells recruitment to the sites of inflammation, maturation and
mobilization to DLN. Histamine alone induces chemokine production and transient expression of co-
stimulatory molecules on human immature dendritic cells isolated from peripheral blood [81]. As was
mentioned before, mast cells-derived TNFq elicited by bacterial infection induced endothelial surface
E-selectin expression-dependent migration of dendritic cells to the sites of inflammation. Furthermore,
mast cells-derived TNFa enhances DLNs-mediated production of a key chemokine CCL21 responsible
for dendritic cells migration and therefore mobilize dendritic cells to the DLNs [44]. It has been shown
that supernatant from activated MC/9 mast cell line exhibit a co-stimulatory effect to CCL21 induced
dendritic cells chemotaxis [82]. As was discussed above, mast cells-derived TNFa is delivered to DLNs
from the local tissue inflammation via lymphatic vessels as a large cargo [22]. Injection of mast cell-
derived particles originated from TNFo” mice revealed that TNFo is responsible for lymph nodes
hypertrophy [22]. Two studies using new mice models of mast cells-deficiency reported that mast cells
trigger irritant contact dermatitis which is a delayed type hypersensitivity response. In both studies the
emigration of dendritic cells was impaired in the absence of mast cells and contact hypersensitivity was
attenuated [83;84]. There is an evidence that mast cells degranulation in vivo can modulate balance
between Th cells. Immunization of mice with simultaneous mast cells activation lowered the capacity of
dendritic cells to develop Thl response in favor of Th2 response as was measured by the shift in IL-
4/IFN-y ratio [85]. Other group found that activated mast cells influence dendritic cells capacity to
induce significant Th2 polarization in the presence of pro-inflammatory cytokine milieu. The authors
proposed that such conditions in vivo could up-regulate allergic responses. In line with this hypothesis,
skin with lesions of atopic dermatitis obtained by biopsy revealed anatomical apposition of mast cells to
dendritic cells [86]. Contrary to these data, Dudeck et al. showed that peritoneal cultured mast cells-
driven maturation of dendritic cells polarize the immune responses to Thl and Th17 as was determined

WM mice infested with L. major exhibit

by measuring the levels of released IFN-y and IL-17. Kit
suppression of IFN-y and IL-17 cytokines to the benefit of IL-4 and IL-10 cytokines. The authors
speculate that the contradictory results could be explained by mast cells preactivation with strong
proinflammatory stimuli (liposacharide) in previous studies [87].

Maturation of dendritic cells can be forced by exosomes released from activated mast cells as
was detected by up-regulation of MHC class II and co-stimulatory molecules on the surface of dendritic
cells [88]. Mast cell exosomes containing MHC class II and CD86 can also activate B- and T-cells [89]
and T-cell derived exosomes can stimulate mast cells [90]. Although the presence of MHC class II on
mast cells exosomes is well documented [12;89;91], the convincing biological evidence of antigen
presenting by mast cells-derived exosomes is still missing.

In spite of mast cells ability to locally express mature MHC class II and costimulatory molecule
CDS86 on the cell surface under IFN-y and IL-4 cytokine pressure [18], three independent studies on the
mice models determined basophils as the central professional antigen presenting cells inducing in vivo

and in vitro Th2 responses by surface expression of mature MHC class II [15-17]. However, human
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basophils failed to express on the surface MHC class II even in antigen-activated cells, moreover human

basophils were unable to induce Th2 polarization [89].

Mast cell signaling at the molecular level - associated receptors

There is a plenty of receptors expressed by mast cells which enable them to respond to
environmental stimuli as well as to respond to autocrine and paracrine signals [1]. Most of the receptors
are expressed on the mast cells surface; the most prominent receptor is FceRI capable of triggering all
three main effector functions (degranulation, eicosanoids synthesis and gene expression) but also other
receptors can elicit the release of pro-inflammatory mediators on their own [FcyRI (Fc-gamma receptor
I), c-Kit, PAMP associated receptors, complement receptor CA3;R, or CCR1 receptor for chemokine
MIP-1a (macrophage inflammatory protein la )]. In the figure 3 are depicted synergistic effects of

distinct receptors enhancing the outcome of FceRI signaling.

RANTES (CCLS)
MIP-1a(CCL3)

Adenosine

N

Degranulation with release of
histamine, proteoglycans, proleases,
antibiotic peptides

. Production of eicosanoids:
Antigen/igE —-| FeeRI | PGD,, PGE,, LTB,, PAF

PGN, dsRNA, LPS

Production of cytokines (TNFa, TGFB, IFNa/Bfy,

MIF, SCF, IL-1a/B,
IL-3/-4/-5/-6/-8/-9i-10/-11/-12/-13/-15/-16/-18/-25),
chemokines (CXCL8, CCL2/3/5/7/11/13), and

growth factors (FGF2, CSF, GM-CSF, VEGF, NGF, LIF)

IL-33

Figure 3. The examples of costimulatory effects on responses to antigen either through FceRI or, in the
case of complement C3a, through FcyRI. Some of these costimulations enhance mainly degranulation
while others enhance primarily cytokine production. Yellow boxes denote receptors to specific ligands,
solid lines denote the responses to IgE and IgG antigen via FceRI or FcyRI, respectively, and dashed
lines indicate the potentiation to these responses. (Beaven, 2009).

FceRI

Although mast cells also express FceRII, FceRI is an indispensable receptor for IgE-mediated
immune responses [70]. Along with BCR and TCR, FceRI belongs to the multichain immune
recognition receptor family. In 1989 was proposed a model which described rodent FceRI as a

tetrameric receptor composed of one IgE-binding o subunit, one  subunit and a dimer of disulphide-

22



INTRODUCTION

linked y subunits [92] A few years later the structure of the antibody-binding portion of the human IgE
receptor was determined by crystalography [93]. Expression of the FceRI differs in humans and rodent
in compositions and cellular distribution. The tetrameric structure afyy is confined to human and rodent
mast cells and basophils, while in mice is expressed also on non-T and non-B cells, in humans could be
expressed also in eosinophiles and platelets. The trimeric ayy form is expressed in human monocytes,
Langerhans cells, and dendritic cells [94-96]. Surprisingly, functional tetrameric FceRI was found at the
protein level in murine superior cervical ganglion neurons. IgE-sensitized neurons activated by
corresponding antigen induced strong calcium response which was successfully propagated to the
neighboring cell bodies and neurites [97].

The o subunit (FcRa) belongs to the immunoglobulin superfamily, contains two extracellular
immunoglobulin-related domains capturing IgE, one transmembrane helix, and a short intracellular tail
[95]. Extracellular part is heavily glycosylated to prevent misfolding and retention of a chain in the ER
[98]. The crystal structure of dimeric IgE-Fc¢ molecule with extracellular domains of the FcRa chain
reveals that one dimeric IgE-Fc molecule is bound to one receptor asymmetrically through interactions
at two sites, each involving one Ce3 domain of the IgE-Fc and thus IgE molecule is bent. This IgE-Fc-
FceRI complex blocks the binding of a second receptor to bound IgE [99]. Moreover, the deletion of
Ce2 domain from IgE Fc fragment lowered the binding affinity of FceRI to IgE, because Ce2 domain
stabilise the FceRI-IgE complex [100]. The human FcRa chain was expressed on transfected cell line
COS 7 (no expression of FceRI) only if rat B and y chains were co-expressed or in the presence of the y
chain alone [101] It has been thought that rodent FcRa subunit is expressed on surface only in the
tetrameric form [95]; surprisingly, presence of the trimeric ayy form of FceRI was found also in rat
eosinophiles and macrophages [102]. Later it has been shown, that FcRa chain comprises a dilysine ER
retention motif which is hidden after assembly with the y subunit [103].

The B chain (FcRP) is a common component of FceRI and the low affinity IgG receptor
(FcyRIII). It consists of four transmembrane domains and both N- and C-terminal tails faces into the
cytoplasm [95]; as a non-obligatory component of FceRI it is capable of amplifying the magnitude of
calcium mobilization and spleen tyrosine kinase (Syk) phosphorylation 5- to 7-fold in cells expressing
ofyy complex in contrast to signaling triggered by aryy FceRI [104]. FcR contains one non-canonical
immunoreceptor tyrosine-based activation motif (ITAM), which after phosphorylation, serves as a
docking site for signaling molecules containing Src homology (SH)2 domain [95]. The FcRj ITAM
motif differs from a canonical ITAM because of a shorter spacing between the canonical tyrosine
residues and it possesses a third tyrosine between the canonical tyrosines [105].

The vy chain (FcRy) is a member of the y{n family of immunoreceptors subunits consisting of a
transmembrane domain and a cytoplasmic tail. This family forms homo- or heterodimeric forms in
many receptors, as FcyRIII, FceRI, FcaR (Fc fragment of immunoglobulin A receptor), and the TCR
depending on the cellular context. In FceRI signaling, the dimer of disulfide-linked y subunits, functions

as an autonomous activation module because each y chain contains the canonical ITAM motif [95;104].
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Reconstitution of FcRy chain with or without functional mutation in ITAM in mice lacking FcRy
subunit revealed that FcRy ITAM motif is essential for degranulation, cytokine production, and
prostaglandins synthesis as well as for passive systemic anaphylaxis [106].

The study on rat basophilic leukemia (RBL) cell line has shown that FceRI is regulated by IgE
serum levels. IgE bound to FceRI has an effect on prolonged FceRI surface survival and the numbers of
FceRI on the plasma membrane increase. Also the FceRI-bound IgE has an extended half-time when
compared with free IgE [107]. This work was extended in the study describing IgE-regulatory role in
vitro and in vivo. Peritoneal mast cells lacking IgE exhibit robust down-regulation of FceRI expression
and IgE enhances markedly FceRI expression on mouse peritoneal mast cells and BMMCs in a time-
and dose-dependent manner. IgE-induced enhancement of mouse BMMCs FceRI expression facilitates
the cytokines and serotonin release in response to the specific antigen [108]. Mutation of tyrosines in
the FcRy-resident ITAM motif decreased IgE-mediated survival of mast cell but IgE-dependent up-

regulation of surface FceRI expression was maintained [106].

FceRI signalosome

Cross-linking of IgE-FceRI complex with multivalent antigen initiates a series of biochemical
events starting with the Src family protein tyrosine kinase Lyn-dependent phosphorylation of the
adjacent B nad y chains associated ITAM motives within the aggregate [109]. Phosphorylated ITAM
motives serve as a docking sites for proteins comprising SH2 domain, mainly additional Lyn molecules
and Syk, a PTK of the Syk/ZAP-70 ({ —associated protein of 70 kDa) family [95;110]. These activated
kinases further propagate the signal through phosphorylation of many down-stream signaling targets:
phospholipases C y (PLC y)1 and PLC vy 2, phosphoinositide 3-kinase (PI3K), VAV or transmembrane
adaptor proteins (TRAPs). These events lead to activation of MAPK (mitogen-activated protein kinase
kinases) [ERK (extracellular-signal regulated kinase), JNK (Jun N-terminal kinase), and p38],

exocytosis of granules, and generation of LTs and cytokines [94-96].

Src family kinases involved in early FceRlI signaling
Src family tyrosine kinases share the common structure comprising the variable N-terminal tail,

SH3 and SH2 domains, the kinase domain, and the C-terminal regulatory tail. Intramolecular
interactions mediated by phosphorylation of the conserved tyrosines switch on/off their enzymatic
activity. The N-terminal domain of Src family kinases involved in early FceRI signaling (Lyn, Fyn, Hck
and Fgr) contains signals for myristoylation and palmitoylation, both of which are responsible for the
membrane association of the Src family kinases [111]. Negative regulation of Src family kinases is
mediated by C-src tyrosine kinase (Csk) dependent phosphorylation of highly conserved tyrosine
residues close to their carboxyl termini [112].

Lck/Yes-related novel tyrosine (Lyn) kinase is the most abundant Src family kinase in mast

cells and exists as two alternatively spliced variants, Lyn A and Lyn B of 53 and 56 kDa, respectively.
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Unlike Lyn B, Lyn A comprises in the unique N-terminal domain a 21-aa insert [113]. Both Lyn
isoforms (p53/56"™) have been coimmunoprecipitated with FceRI and at least 3-4% of the non-
aggregated FceRI was found to be directly associated with Lyn [114]. Restoration of distinct isoforms in
Lyn” BMMCs revealed that Lyn A was more potent inducer of degranulation, inositol 1,4,5-
triphosphate (IP3) production and calcium mobilization whereas Lyn B more readily bound
phosphorylated proteins, including SH2-containing Inositol 5'-Phosphatase 1 (SHIP-1) [115]. Mutation
in the myristoylation, palmitoylation, or both acylation sites revealed that myristoylation is crucial for
Lyn association with plasma membrane while palmitoylation for localization in membrane rafts [116].
The concept of the lipid raft membrane microdomains assumes that biological membranes possess
microdomains having a lipidic structure with properties of lipid order phase surrounded by membranes
with lipid structure resembling lipid disorder phase possessing phosphatidylinositols and a majority of
the transmembrane proteins. The lipid raft membrane microdomains are rich in cholesterol and
sphingomyelin, and comprise a specific set of proteins, including those anchored to the membrane via
acyl groups (e.g. palmitoyl or myristoyl) or glycolipids [ e.g. glycosylphosphatidylinositol (GPI)], and
also some acylated proteins with transmembrane domain (e.g. some of the TRAPs) [117]. Studies on
BMMCs isolated from Lyn” mice yielded at first sight controversial results because FceRI-mediated
degranulation, accompanied by severally reduced tyrosine phosphorylation of the FcRf and FcRy
chains was impaired [118], without changes [119], or increased [120-122]. These discrepancies could be
explained by distinct genetic backrounds of cells derived from different mouse strains. The deficiency
of the Lyn increased degranulation in 129/Sv BMMCs but impaired this response in BMMCs of
C57BL/6 origin [123]. The second explanation is based on the fact that Lyn mediated both positive and
negative regulation depending on the intensity of stimuli (e.g. valency of antigen) [124].

Src family kinase Fyn has been found in coimmunoprecipitates with FcR[3 subunits and in spite
of the lower expression in comparison with Lyn kinase, Fyn”” BMMCs exhibited approximately 80%
reduced degranulation [122]. In Fyn” BMMCs phosphorylation of FcRB and Syk is normal, thus, it
seems that FceRI also utilizes a Fyn-mediated pathway leading to mast cell degranulation independent
of Lyn kinase activity. Fyn kinase phosphorylates Grb2-associated binder 2 (Gab2) and subsequent
activation of PI3K is strongly impaired in Fyn” BMMCs [122]. These data are in conflict with Yu et al
who showed that in Fyn”™ BMMCs phosphorylation of Syk kinase is reduced and that Gab2
phosphorylation is Syk dependent [125]. Fyn/Gab2/RhoA signaling axis has been found as a central
player in calcium-independent microtubule-dependent granule translocation to the plasma membrane
which explain the impaired degranulation in Fyn” BMMCs whereas calcium responses are normal
[126]. It has been shown that BMMCs deficient in Lyn exhibit the enhanced kinase activity of Fyn even
in non-stimulated cells [120] and that the overexpression of Fyn in C57BL/6Lyn”” BMMCs massively
enhanced the impaired hexosaminidase release [123].

Other src family kinase, p56/p59™*, has been studied in BMMCs. The combined amount of
these two isoforms is similar to the amount of Fyn [127]. Surprisingly, Hck deficiency leads to
enhanced Lyn activity and enhanced Lyn phosphorylation targets (e.g. FcRp and FcRy subunits or
LAT) but phosphorylation of Syk, Btk (Bruton’s tyrosine kinase), pp38 and Akt (protein kinase B) was
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reduced. In summary, the histamine release in Hck”” BMMCs is reduced when BMMCs are stimulated
with high concentration of antigen which reflect the decreased Gab2 phosphorylation and impaired
microtubule formation while calcium mobilization is unchanged [127]. Thus, Lyn activity is inhibited
by Hck.

Recently, association of Fgr src family kinase with FceRI has been described. BMMCs or RBL-
2H3 cells with reduced Fgr levels exhibit decreased phosphorylation of Syk, Syk-dependent signals,
degranulation, TNFa production and LTC4 synthesis after FceRI aggregation. Moreover, knock-down
of Fgr decreased association of Syk with FcRy subunit as well as the phosphorylation of FcRy ITAM
[128].

In the mouse mast cell line PT-18 the association of p62“>* with FceRI has been documented,

but there are no other studies extending this subject [129].

TRAPs

In mast cells, TRAPs organizes macromolecular complexes associated with aggregated FceRI by
docking various molecules involved in the signal propagation to the plasma membrane. Five members
of TRAPs family are expressed in mast cells: phosphoprotein associated with glycosphingolipid-
enriched membrane microdomains (PAG), NTAL, LAT, LAX (linker for activation of X cells) and
GAPT [growth factor receptor-bound protein2 (Grb2)-binding adaptor protein, transmembrane].
General characteristic of these proteins is a short extracellular N-terminal part, transmembrane domain
and an intracellular tail with various tyrosine-based binding motives [130]. Presence of CxxC
palmitoylation site determines LAT, NTAL, and PAG for their interactions with lipids and localization
in lipid-ordered regions [131;132]. Although we found that these protein are associated with detergent
resistant membranes (DRM) fractiones isolated from BMMCs this DRMs are rather artificial because
fine topography revealed the distinct sub-membrane compartmentalization of LAT and NTAL in
quiescent and activated cells [132].

The LAT adaptor has been recognized as a secondary signaling domains organizer in RBL cells
activated via FceRI [133]. Fine topography of NTAL and LAT revealed that in resting cells both
TRAPs, NTAL and LAT, were found in small clusters independently of FceRI whereas aggregation of
FceRI induced formation of large distinct clusters of NTAL and LAT in the close neighborhood of
aggregated receptors [132]. Tyrosine-based motives of both proteins, LAT and NTAL, are rapidly
phosphorylated by Syk and Lyn after FceRI aggregation. The proteins anchored to these adaptors can be
common (e.g. adaptor protein Grb2 and SHIP1) or LAT specific (PLCyl and adaptor protein Gads).
Grb2 and Gads are cytoplasmic adaptor proteins involved in shaping the signaling pathways [130].

Experiments in vivo showed that mice deficient in LAT exhibited impaired passive systematic
anaphylaxis; this implies that LAT has a positive regulatory role in mast cells signaling [134]. This
conclusion was confirmed by in vitro studies comparing the properties of antigen-activated BMMCs
derived from LAT-deficient or WT mice. LAT~ BMMCs exhibited decreased phosphorylation of
PLCy1, PLCy2, SLP-76, calcium mobilization, degranulation, cytokines production, and kinase activity
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of Erk and JNK1 whereas phosphorylation of FcRp, FcRy, Syk or Vav was intact [134]. Moreover,
LAT was found indispensable for peritoneal cultured mast cells [135]. The molecular dissection of LAT
tyrosine motives showed that BMMCs require all four distal tyrosines to promote IgE- and IgG-induced
signaling whereas Y 136 is apparently sufficient in peritoneal cultured mast cells [135].

In contrast to LAT, NTAL was found to be a negative regulator of IgE-mediated passive
systemic anaphylaxis and BMMCs effector functions. NTAL-deficient BMMCs exhibited augmented
phosphorylation of LAT, PLCyl, PLCy2 and Erk, enzymatic activity of PI3K, calcium mobilization,
cytokines production, and degranulation [132;136]. NTAL could function also as a positive regulator of
BMMCs signaling, as was demonstrated in NTAL/LAT" BMMCs which exhibit more impaired
phenotype than BMMC deficient only in LAT [132;136]. Volna et al. proposed that the distinct clusters
of NTAL and LAT compete for Syk in activated mast cells. This hypothesis could explain the increased
phosphorylation of LAT in NTAL”” BMMCs and Ca®" responses initiated by enhanced anchoring of
PLCy1 and PLCy2 via LAT to plasma membrane. Although human mast cells with NTAL knock-downs
exhibited decrease in B-hexosaminidase release [137], these contradictory data were not confirmed in
the RBL cells and BMMCs with reduced NTAL levels which provided similar results to thus obtained
in NTAL” BMMCs ([138], PolakoviGové in preparation). NTAL was surprisingly linked to calcium
responses initiated with the blocker of SERCA (sarco/endoplasmic reticulum Ca®" ATPase) pumps,
thapsigargin. The magnitude of Ca’" mobilization and **Ca*" uptake in RBL cells stimulated with
thapsigargin corresponds to increased or decreased expression levels of NTAL independently of NTAL
or LAT phosphorylation. Thus, it was proposed that NTAL could be involved in the direct or indirect
regulation of CRAC channels [138].

PAG serves as a substrate for Lck, Fyn and probably Hck but not for ZAP70 and/or Syk
[127;131]. Two proline-rich sequences of PAG serve as docking sites for proteins containing SH3
domains; moreover phosphorylated YSSV tyrosine motif of PAG anchor Csk to the plasma membrane
thus negatively regulating the activity of Src family kinases [131;139]. FceRI aggregation induced rapid
phosphorylation of PAG in RBL cells which was followed by recruitment of Csk to the plasma
membrane. In line with these data, overexpression of PAG let to reduction of IgE-mediated
degranulation, Ca®" mobilization and phosphorylation of FcRp and FcRy subunits. Thus, enhanced
recruitment of Csk to the plasma membrane in RBL cells with increased PAG expression levels

inhibited the src family kinases-dependent FceRI signaling [140].

Store operated calcium entry

As was mentioned above, phosphorylated LAT recruits PLCyl, which yields diacylglycerol
(DAG) and IP3. IP3 diffuses through the cytosol to bind to IP3 receptors (IP3R), particular Ca*"
channels in the ER membranes allowing the leak of Ca®* from ER into the cytosol [141]. The concept of
a capacitative regulation of Ca>" release and Ca>" entry was formulated by James Putney in 1986 but
molecular mechanism remained almost 20 years elusive. This phenomena is now known as capacitative

Ca”" entry or store operated calcium entry (SOCE) [142]. In RBL cells was found a Ca*'-selective
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calcium-release activated calcium current (Icrac), this implied the existence of the CRAC channel
[143]. A few hypotheses have been proposed to explain molecular mechanism of SOCE including a
production of an elusive calcium influx factor upon depletion of ER Ca®" stores but all these models

were misleading [142].

Stromal interaction molecule 1
Breakthrough occurred in 2005, when two independent RNA interference (RNAi) screens

targeted on proteins potentially relevant to calcium signaling identified STIM1 and STIM2 in HeLa
cells or their homologue, dStim, in Drosophila S2 cells [144;145]. It should be noted that although the
role of STIM1 in SOCE was discovered 8 years ago, a great number of publications have been drawn
since this time. According to PubMed database it has been published to date 673 publications containing
keyword STIM1.

STIM1, STIM2 and dStim proteins were already known as proteins with a conserved genomic
organization, implicating that the vertebrate family of two STIMs genes most probably arose from a
single ancestral gene, but the function of STIM1 was not associated with SOCE but rather with tumor
suppression. STIMs are characterized as a single spanning ER-membrane proteins which contain at the
C-terminal part a single sterile alpha-motif (SAM) domain and conserved coiled-coil domains whereas
at the N-terminal tail an unpaired EF-hand [146]. It has been shown that thapsigargin-mediated Ca*"
depletion from ER stores induces STIM1 aggregation to the distinct puncta near the plasma membrane
because STIMI senses ER Ca®" depletion with its luminal EF-hand domain. The HeLa cells transfected
with EF-hand mutant STIM1 (D76A) exhibited persistant STIM1 aggregates and constitutive active
SOCE even in non-stimulated cells [144]. The reduction of Icrac Was documented by Roos et al. also in
Jurkat T cells and HEK293 cells with STIM1 knock-downs; this suggested that STIM1 is a crucial
regulator of CRAC channels across cell types and organisms [145].

Moreover, mutations in EF hand motif or thapsigargin activation induced STIMI1 translocation
to the plasma membrane [147]. The presence of STIM1 on the plasma membrane of activated cells was
controversial until it has been found that fluorescent tag on the N-terminus prevented cells to expose
STIMI1 on the surface [148]. This surface exposition of STIM1 is calcium dependent and is probably
involved in sensing of extracellular calcium levels and in inactivation of SOCE by extracellular Ca*'-
dependent manner because antibody corresponding to the exposed EF-hand domain (25-139aa) blocked
the inactivation of SOCE [149]. In spite of these studies, it is now generally accepted that ER-bound
STIMI is translocated to the ER-plasma membrane junctions after Ca®" store depletion where induces
the opening of plasma membrane CRAC channel via trans-interaction (Figure 4). This model was first
proposed by Luik et al. who found that the regions of CRAC-mediated Ca®" influx overlap with STIM1
puncta and that STIM1 and CRAC channel subunit Orail (see below) form closely apposed clusters in
the ER/plasma membrane junctions (Figure 4). The distance between ER and plasma membranes was

estimated on 10-25nm [150].
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Figure 4. Aggregation of FceRI on the surface of mast cells triggers activation of Src kinase Lyn (not
depicted) and initiates signaling cascades which include activation of PLCy and subsequent generation
of IP3 and DAG. IP3 binds to IP3R (black dot) and mediates ER Ca®" (magenta dot) store depletion.
The levels of Ca®" are sensed with ER-luminal EF-hand domain of STIMI (purple box). In resting cells
STIMI is distributed evenly in ER but upon ER Ca”" store depletion STIM1 forms clusters close to the
plasma membrane where directly interacts with the CRAC channels subunits (Orail; green) and calcium

can enter into the cells

Orail
Drosophila Orail, dOrai, known also as CRAC modulator (CRACM)1 or olf186-F was

identified as a pore-forming subunit of the CRAC channel by three independent genome wide RNAi
screens in Drosophila S2 cells. This plasma membrane protein comprises four transmembrane domains
and both tails face into the cytosol [151-153]. Orail was also recognized by a genome-wide single
nucleotide particles array screen as a genetic cause of a specific hereditary severe combined
immunodeficiency disease in patients from two different families [151]. Vig et al. identified Drosophila
CRACM2 (dOrai2) and a human ortholog of CRACMI, a protein encoded by gene FLJ14466 mapped
in 12924, as well as CRACM2 (Orai2) and CRACM3 (Orai3) [152;154]. The efficacies of this
mamalian homologs of Orail to induce SOCE was in the order Orail>Orai2>Orai3 [155]. Moreover, it
has been shown that overexpression of dOrai in S2 cells increased the average Icrac density 3-fold and
although dStim by itself did not alter current density, co-transfection of dStim with dOrai exhibited a
remarkable 8-fold gain [147]. Similarly, in HEK293 cells co-transfection of STIM1 with Orail resulted
in ~20-fold enhancement in SOCE and Icrac [155]. It has been shown that Orail forms homomultimers
as well as heteromultimers with Orai2 and Orai3 [156] and that in resting cells Orail, like Orai3 was

found dimeric and mainly tetrameric when activated with truncated C-terminal part of STIM1 [157].
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STIM-Orail interaction
The close association of STIM1 with Orail was confirmed by immunoprecipitation [158] or by

fluorescence resonance energy transfer (FRET) studies [159;160]) and the intensity of this interaction
reflected the Ca®" store depletion. It has been shown that a soluble fragment of STIMI cytosolic part,
which contains a coiled coil domain 2, constitutively induced SOCE [159;161;162]. Various names
denote this domain as three independent groups of researchers identified this region: CRAC-activation
domain (CAD), STIM1-Orai activating region (SOAR) or Orail activating small fragment (OASF).
This CAD/SOAR/OASF region with basic amino acid residues directly binds to Orail and activates
SOCE [159;161;162]. Moreover, when the whole part of cytosolic STIM1 was co-expressed with Orail,
no interaction was detected. Thus, this data indicate that conformational changes in STIM1 result in
allosteric activation of Orail channels [161]. Indeed, this scenario was extended in further studies and a
current model of STIMI1 activation was proposed [159;163]: in resting cells STIM1 preferentially forms
dimer; depletion of ER Ca®" store induces aggregation of STIMI into clusters. This clustering is
accompanied with an intra-molecular transition into stretching conformations which is accessible to
Orail.

The role of STIM?2 is different from STIM1 because STIM2 is more sensitive to even small
decreases in ER Ca*" levels compared to STIMI. STIM2 moves to ER-plasma membrane junctions
upon small changes in ER Ca®" stores and subsequently regulates Orail to maintain the basal Ca*" levels

in narrow limits. Thus, it was proposed that STIM2 is the important regulator of basal Ca*" [164].

The regulation of SOCE by cellular machinery
There is no doubt that the macromolecular complex of STIMI1 and Orail is controlled and

modulated at many levels, including phosphorylation, Orail internalization and/or interaction with other
proteins. These proteins are involved in regulation of STIM1 aggregation, stabilizing the STIM1-Orail
complex or in the termination of SOCE. The most prominent positive regulator is CRAC regulator 2A
(CRACR2A) [165]; negative regulators associated with SOCE complexes involve: stanniocalcin 2
[166], calmodulin [167], surfeit locus protein 4 (Surf4) [168] and SOCE-associated regulatory factor
(SARAF) [169]; junctate was described in Jurkat T-cells as both negative and positive regulator [170].

CRACR2A seems to be the crucial regulator of STIM1-Orail interactions because in cells with
reduced CRACR2A levels the SOCE is impaired and the clustering of STIM1 with Orail in
subplasmalemmal region was abolished. CRACR2A is a cytosolic protein which comprise EF-hand
motif. When STIM1 aggregates and forms complexes with Orail, CRACR2A probably stabilizes this
complex. Increasing of Ca®" concentrations leads to binding of Ca*" by EF-hand domain, thus
CRACR2A dissociates complex which is subsequently prone to disaggregation [165].

On the other hand, the dissociation of CRAC channels is Ca*" dependent and two modes of
negative feedback were described. Fast inactivation depends mainly on calmodulin binding to STIM1
and Orail. Calmodulin binds in a Ca*"-dependent manner to N-terminal domain of Orail and induces a
Ca’"-dependent inactivation of SOCE. The mutation of Orail which blocks calmodulin binding also

prevents SOCE inactivation [167]. The slow Ca*"-dependent dissociation of STIM1 and STIM2 clusters
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is based on a single-spanning ER membrane protein SARAF which responds to the cytosolic elevation
of Ca”" after ER Ca”" refilling by the dismantling of STIM1 and STIM2 aggregates via direct interaction
to efficiently turn off SOCE. Moreover, it has been shown that basal Ca** levels in ER and cytosol are
changed when SARAF expression is enhanced or reduced. It was suggested that SARAF plays a similar
role as STIM?2 in homeostasis of Ca®" levels in intracellular stores [169].

Deletion of Surf4 exhibits an enhancement of SOCE and facilitates STIM1 clustering upon
store-depletion [168;170]. Junctate was found in rodent sperm as a component of a macromolecular
complex comprising IP3R and some of the transient receptor potential canonical (TRPC) channels
[171]. Interestingly, junctate deletion plays a role in inhibition of SOCE but mutation of junctate ER-
luminal EF-hand domain facilitates aggregation of STIM1 independently of Ca*" store depletion and
partially activates SOCE [170].

Recently, cAMP (cyclic adenosine 3',5'-monophosphate) has been unravelled as an inducer of
STIM1 aggregation at the subplasmalemmal region independently of Orail clustering and SOCE.
Apparently, other factors in addition to formation of STIM1 puncta are important for the clustering of
Orail channels and activation of SOCE [172].

Phosphorylation of the SOCE components is important to link the depletion of ER stores to
Icrac activation as well as deactivation. Interestingly, activation of B lymphocytes DT40 cell line
genetically manipulated to suppress the expression of Lyn, Syk or both kinases Lyn and Syk, with
thapsigargin or through IP3 exhibits impaired SOCE and Icgac only in double deficient Lyn/Syk™ cells.
This means that release of ER Ca”" stores is not sufficient to provoke SOCE and that some undefined
processes are dependent on the simultaneous activity of Lyn and Syk in DT40 cell line. Thapsigargin
stimulation bypasses the receptor-mediated phosphorylation of Syk and Lyn and the process of SOCE
regulation is at least at the Lyn level associated with the plasma membrane [173]. In platelets the
additional role of Src/Abl subfamily of the Src family kinases in tyrosine phosphorylation of STIM1
was defined. Interestingly, the maximal tyrosine phosphorylation of STIM1 occurred 2.5s after
activation of platelets with thapsigargin [174]. It has been shown that ERK 1/2 phosphorylates STIM1 in
vitro and in vivo. Mutation of the ERK1/2 sites which were identified using mass spectrometry reduced
significantly calcium mobilization [175].

Both cell types of divisions, meiosis and mitosis, exhibit strongly suppressed SOCE because
Ca”" depletion is uncoupled from the activation of Ca*" influx [176;177]. Smyth et al. identified Ser-486
and Ser-668 as mitosis-specific phosphorylation sites. Mutation of these sites significantly rescued
mitotic SOCE [176]. During meiosis, interaction between STIMI1-STIM1 is inhibited and Orail
internalized into an intracellular vesicular compartment. Interestingly, both serines described in mitosis
study are not involved in SOCE deactivation during meiosis. The mechanism of abrogation of STIM1-
STIM1 interaction was not found and is probably independent of phosphorylation [177]. In this context
we should mention the study in which ML-9 inhibitor of myosin light chain kinase (MLCK) prevented
formation of STIMI1 clusters and melted the thapsigargin induced puncta as well as puncta of
constitutively active STIM1 (with mutation in EF-hand D76N/D78N). These effects seem to be
independent of MLCK because cells with reduced levels in MLCK lacked the STIM1 puncta dissolving

31



INTRODUCTION

[178]. PKC (Protein kinase C) was linked also to SOCE inactivation by phosphorylation of Ser-27 and
Ser-30 [179].

The regulation of SOCE by STIM1
As already mentioned, CRAC channels are composed of Orai family proteins and generate Icrac

when activated through STIM1. Of note, STIM1 is able to regulate various TRPC channels to form the
store-operated channels (SOCs). SOCs in contrast to highly selective CRAC channels are non-selective,
Ca’" permeable channels. Various TRPC channels can interact with STIM1 and the STIM1-mediated
regulation modulates TRPC in response as SOCs channels [180]. TRPC1 can associate with other
TRPCs and thus generate SOCs with different properties. The ternary complex composed of
TRPC1/STIM1/Orail was also described [181]. Although the STIM1 CAD/SOAR/OASF region is
responsible for binding of STIM1 to both types of channels, Orai and TRPC, CAD/SOAR/OASF region
is sufficient to open the Orai but the STIMI1 polylysine region mediates opening of the TRPC
channels [182]. The direct interaction was also found between STIM1 and the L-type voltage-gated Ca*"
channel CaV1.2. The region CAD/SOAR/OASF directly suppressed depolarization-induced opening of
CaV1.2. STIM1 without CAD/SOAR/OASF region failed to inactivate CaV1.2 [183]. Furthermore, it
has been shown that STIM1 exposed on the plasma membrane can regulate AA-regulated Ca**-selective
channels [184].

STIM1-Orail complex in the context of plasma membrane organization
The combine data indicate that STIM1 and Orail form dynamic macromolecular complexes that

are linked to the molecules involved in the proximal signaling (Lyn and Syk) and that even in resting
state is STIM1 associated with some signaling proteins because its phosphorylation is detected in the
first seconds upon stimulation with thapsigargin. The presence and function of STIM1 exposed on the
plasma membrane has already been mentioned in subchapter STIMI.

The inhibition of PI3K activity reduced formation of STIM1 puncta. This effect was dependent
on the presence of phosphatidylinositol 4,5-bisphosphate (PIP2) and phosphatidylinositol 3,4,5-
trisphosphate (PIP3) [185]. The study made in mast cells proved that in ER-plasma membrane
junctions, STIM1 binds first to PIP2 in the liquid ordered domains in the plasma membrane, followed
by the redistribution of Orail from the liquid disordered regions of the plasma membrane to its
association with STIM1 in the liquid ordered lipid domains [186]. Enzymatic activity of inositol 5-
phosphatase L10-Inp54p resident in lipids ordered domains reduced PIP2 in DRM, resembling the lipid
ordered regions, and blocked the STIM1-Orail association in RBL cell line, while 5-phosphatase S15-
Inp54p resident in disordered lipids domains reduced PIP2 in these regions and enhances STIM1-Orail
interaction.

The STIM1-Orail macromolecular complex was found in the immunological synapse between

primary human T cells and autologous dendritic cells measured by its colocalization with CD3.
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Detection of Ca*" influx in living cells was found to be most prominent in the area of immunological

synapse [187].

STIM1 in mast cell signaling
Both, STIM1 and Orail, are ubiquitously expressed proteins and play a major role in Ca*" entry

pathway in the non-excitable cells including mast cells (Figure 4). Calcium is a second messenger that
triggered many of signaling pathways therefore the tight regulation of calcium entry is of importance.
The resting Ca’" levels in cytosol are low (0.1 puM) but after FceRI triggering the cytosolic
concentration increases to > 1.0 uM [143].

Mice lacking STIM1 or Orail exhibit increased perinatal lethality and surviving mice suffered
from marked growth retardation. In vivo studies in mice STIM1™ or Orail™ indicate that passive
cutaneous anaphylaxis is strongly inhibited in these mice. Mast cells derived from these knock-out mice
showed defective degranulation, cytokine secretion, LTC4 production and calcium mobilization
[188;189]. Some of these data were corroborated by our study on BMMCs with STIM1 reduced levels
[190]. Interestingly, T cells isolated form Orail” mice exhibit no changes in SOCE but reduced
cytokines production [189]. In STIM™ fetal liver mast cells the phosphorylation of FceRI proximal
molecules was unaffected, but the translocation of NF-kB and NFAT into the cell nucleus was

impaired.

The cross-talk of STIM1 with cytoskeleton
Inhibitors of actin polymerization, cytochalasin D and latrunculin A, induced coalescence of

STIM1 and Orail puncta into larger aggregates in the subplasmalemmal region of Jurkat T cells
whereas Icrac and SOCE were unchanged [150]. It has been found that treatment with cytochalasin D
reduced Icrac and SOCE in platelets or pancreatic acinar cells but not in RBL, smooth muscles, and
corneal epithelial cells [191]. On the other hand, depolymerization of microtubules by nocodazole
reduced the Ca®" influx in RBL and BMMCs indicating that microtubules play a facilitive role in
formation of STIM1 puncta [190;192].

In some tissues (mainly skeletal muscles or CNS) was identified the actin binding splice variant
of STIM1 (90 kDa), STIMIL (115 kDa), that forms permanent clusters colocalizing with Orail in ER-
PM junctions even in resting cells. This constitutive association of STIM1L and Orail enables them to
activate SOCE almost immediately and generate repetitive Ca®" signals within seconds. Disruption of
actin fibers led to the uncoupling of STIM1L from Orail, and SOCE was delayed [192;193].

Baba et al. were the first who drew attention to the fact that STIMI is dynamically moved in
microtubule-dependent manner but treatment of B-cells with nocodazole failed to exhibit reduced
SOCE [192;194]. Indeed, in resting HEK293 cells STIM1 exactly matched the microtubules filament as
was determined by confocal microscopy. In these cells SOCE was impaired after treatment with
nocodazole [195]. It has been found that STIM1 interacts with protein end binding 1 (EB1) [member of

microtubule plus-end tracking proteins (+TIP)] and tracks its comet-like behavior. However, depletion
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of EB1 or the inhibition of microtubule dynamics by taxol had no significant influence on SOCE in
HeLa cells [196] but STIM1 mRNA silencing prevented changes in microtubule dynamics in
thapsigargin-activated mast cells [190]. Later it has been shown that STIM1 comprises a newly

described short polypeptide motif, Ser-x-Ile-Pro which is responsible for EB1 binding [197].
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AIMS

This thesis is focused on two separate but related questions. First, to understand early signaling

pathways (events) induced by FceRI aggregation and second, to comprehend the biological significance

of STIM1-microtubules cross-talk in mast cells. Experimental data leading to development of improved

PCR, which was used in this study, are also included. Specific aims of this thesis are:

2.1

2.2

2.3

24

2.5

2.6

2.7

3.

To analyze the current models of initial stages of FceRI phosphorylation and to propose a
new model, which includes current knowledge about fine topography of signaling
molecules and the role of oxidized PTPs involved in the FceRI signaling.

To contribute to elucidation of STIM1-directed microtubules reorganization in activated
mast cells, with the following sub-aims.
To produce monoclonal and polyclonal antibodies specific for STIMI.
To prepare mCherry-STIM1 construct for expression in mast cells.
To induce knock-down of STIMI1 by transducing BMMCs by distinct lentivirus-based
vectors comprising short hairpin RNA (shRNA) constructs.
To determine degranulation and calcium response in BMMCs with down-regulated
expression of STIMI.
To determine relationship between formation of microtubules protrusions and mast cells
degranulation.
To reconstitute the microtubule formation and Ca** mobilization by nucleofection of
hSTIMI1 into BMMCs with STIM1 knock-down.
To determine degranulation in cells pretreated with a microtubule depolymerization agent

nocodazole.

To develop new PCR master mixes for amplification of templates which are difficult to
amplify.
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METHODS

To fulfil the particular aims of this work, the following biochemical, immunochemical and
molecular biology methods were used. All these methods are described in detail in the corresponding
papers/manuscript in the Results section with exception of FRET assay and detection of mast cell

spreading, which are described here.

BMMC:s isolation and cultivation

Bone marrow cells were isolated form femurs and tibias of 6-8 weeks old mice. The cells were
then kept in suspension culture for 4-8 weeks in complete medium IMDM supplemented with 15% fetal
calf serum in the presence of IL-3 (20 or 36 ng/ml) and SCF (36 or 40 ng/ml).

Degranulation assay — detection of B-glucuronidase activity

BMMCs (6 x 10%ml) were sensitized with anti-2,4-dinitrophenyl (DNP) IgE (1 pg/ml) at 37°C in
culture medium supplemented with 10% FCS, but devoid of SCF and IL-3. After 4 hours, the cells were
washed in buffered saline solution (BSS), supplemented with 0.1% BSA (bovine serum albumin), and
challenged with various concentrations of antigen (DNP-albumin; 30-40mol of DNP per mole of
albumin) or thapsigargin. 20 pl aliquots of the supernatant were mixed with 50 pl of 40 uM 4-
methylumbelliferyl B-D-glucuronide as a substrate. After lh incubation at 37°C, the reaction was
terminated by addition of 200 ul cold glycine buffer (pH 10), and amount of fluorescent product was
assessed by reading the plate with Infinite 200M instrument at excitation and emission wavelength 355
nm and 460 nm, respectively. Effect of nocodazole on degranulation was tested in BMMCs exposed to

nocodazole (10 mM) for 30 min and then exposed to thapsigargin (2 pM) or BSS-BSA alone.

Flow cytometry

Flow cytometry was used for detection of surface expression of FceRI on BMMCs. Cells were
probed by incubation for 30 min at 4°C with IgE diluted in PBS followed by washing and subsequent
incubation with secondary antibody conjugated to fluorescein isothiocyanate. Flow cytometry was also

used for detection of calcium mobilization and FRET (see below).

Transfection of BMMCs
BMMCs are difficult to transfect, therefore nucleofection by AMAXA was used. The
nucleofection was carried out according to the manufacturer's instructions using specific mouse

macrophage cell line nucleofector kit and program Y-001.
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Preparing of monoclonal and polyclonal antibodies

To prepare monoclonal antibodies specifc for STIM1, BALB/c mice were immunized with 29-
aa oligopeptide corresponding to the C-terminal sequence of STIM1. The oligopeptide was covalently
coupled to the carrier proteins, maleimide-activated keyhole limpet hemocyanin via cystein added at the
N terminus of the oligopeptide. Sera from immunized mice were monitored for antibody activity by
ELISA on the corresponding oligopeptide-BSA conjugate. Splenocytes were fused with mouse
myeloma cells Sp2/0 and screening by ELISA was used for selection of positive clones. The detection
of antibody class was done using IsoStrip Isotyping kit. Two selected hybridoma cell lines ST-01
produced specific antibodies of the IgGl class. Ascitic fluids were produced in BALB/c mice.
Polyclonal antibodies specific for STIM1 were obtained from rabbits immunized with the same
oligopeptide-BSA conjugate as described above. Serum from immunized rabbits was tested by
immunoblotting. To gain the required specificity, the crude serum was affinity purified on immobilized
STIMI1 oligopeptide.

Western blotting and protein immunodetection on nitrocellulose membrane

Whole-cell extracts were prepared by washing the cells in cold phosphate buffered saline (PBS),
solubilizing them in hot sodium dodecyl sulfate (SDS)-sample buffer, and boiling for 5 min. For size
fractionation 7.5% acrylamide gel was used for sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). After electrophoretic separation the proteins were than electrophoretically
transfered onto nitrocellulose. Antibodies against STIM1 and actin (Sigma-Aldrich) were diluted 1:2000
and 1:3000, respectively. Bound primary antibodies were detected after incubation of the blots with

horseradish peroxidase-conjugated secondary antibodies diluted 1:10.000.

Generation of lentiviral particles and cells transduction

To generate lentiviral particles for stable and effective BMMCs transduction, cells of the
production cell line HEK-293 FT were transfected with pLKO.1 vector alone or with a set of five
murine STIM1 shRNA constructs cloned into the pLKO.1 vector. Aliquots of 1.4 ml Opti-MEM
medium were mixed with 21 pl ViraPower Lentiviral Packaging Mix (Invitrogen), 14 pg STIMI
shRNA constructs, and 82 pl Lipofectamine 2000. This mixture was added to semiconfluent HEK-
293FT packaging cells in 150 cm® culture flask. After 3 days, viruses in culture supernatants were
concentrated by centrifugation at 25,000 rpm (JA-25.50 rotor) for 2 h. Supernatant was discarded and
viral particles were resuspended in 1 ml of culture medium. BMMCs (5% 10"/ml) were then transduced
in complete medium without antibiotics and cells were incubated for 2 days. Medium was then replaced
with complete medium supplemented with puromycin (5 pg/ml) and transduced cells were selected for

1 weak. The stable transductants were regularly passaged with complete medium containing puromycin
(3 pg/ml).

Calcium assays
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Cultivation and sensitization procedure of BMMCs before experiment was described in
degranulation assay (see above). Cells were washed with BSS-BSA and resuspended in BSS-BSA
supplemented with 2.5 mM probenecid and 1 pg/ml Fluo3 as a reporter; final concentration of the cells
was 6 x 10%ml. After 30 min incubation at 37°C, the cells were washed and resuspended in BSS-BSA
containing probenecid and cooled on ice for 10 min. The cells (5 x 10°) were subsequently centrifuged,
resuspended in 200 ul BSS-BSA, and preincubated for 4 min at 37°C. Cells were activated by exposure
to 100 ng/ml DNP-BSA or 2 uM thapsigargin. Calcium mobilization was determined in the FL1
channel of a FACSCalibur Flow Cytometer. In the rescue experiments, enhanced yellow fluorescent
protein (EYFP) alone or EYFP-STIM1 were transfected into BMMC using AMAXA (see above).
Calcium responses were measured 48 hours after nucleofection. The experimental procedure was
similar to that described above with some differences. Cells were loaded with the calcium reporter Fura
Red (5 pg/ml), and changes in fluorescence intensity were monitored on an LSRII flow cytometer.
EYFP positive cells were gated based on fluorescence in the FL1 channel. Fura Red was excited with
406- and 488-nm lasers, and data were collected separately using 675/45 BP and 675/20 BP filters,

respectively.

FRET

The kinetics of the Orail-STIMI1 interactions was measured by flow cytometry based FRET in living
HEK293 FT cells during activation with thapsigagin. This method described by Banning et al. [198]
was modified. The standard FRET pair (enhanced cyan fluorescent protein) ECFP/EYFP under
cytomegalovirus (CMV) promoter was used and EYFP fluorescence was measured after 488 nm
excitation; emission was taken with a 529/24 filter by LSRII flow cytometer. To measure ECFP and
FRET, cells were excited with a 405 nm laser and fluorescence was collected in the ECFP channel with
a standard 450/40 filter, while the FRET-signal was measured with a 529/24 filter. Cells expressing
pEYFP/ECFP and non-ligated pEYFP with pECFP were used to set the threshold for analysis of FRET.
The interaction between STIM1 and Orail was detected in HEK293 cells coexpressing STIM1-EYFP
with Orail-ECFP in time.

Vector construction

The signal-peptide (SP) region (1-23 aa) of human STIM1 (hSTIM1) was amplified by PCR
and this PCR fragment was inserted into pmCherry N1 upstream of mCherry, using EcoRI and Agel
restriction sites that were involved in primers. The remaining part of hSTIM1 was also amplified by
PCR and cloned downstream of mCherry into the BsrGI site (restriction site for BsrGI was in forward
and reverse primers). The correct orientation of the remaining part of hSTIM1 after insertion into SP-
mCherry was detected directly from bacterial colonies (JM109) using PCR. All constructs were

sequenced to prove correct insertions.
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Bacterial transformation, plasmid production

Competent Escherichia coli cells (JM109) were transformed by electroporation with different plasmids
(pLP1, pLP2, VSVG, pLKO.1, pEYFP-hSTIM1, SP-mCherry and SP-mCherry-STIM1). A set of five
shRNA STIMI specific constructs in pLKO.1 vector was purchased as bacterial glycerol stocks.
Plasmids were isolated from bacteria using commercial DNA Lego kit (Top-Bio) according to

manufacturer’s protocol or by separation on CsCl gradient.

PCR and DNA mobility assay

Different PCRs were performed using PCR mixes supplemented with various additives,
including various concentrations of 1,2-propanediol and trehalose . DNA mobility assay was done with
PCR mixes supplemented with 1,2-propanediol and 0.2 M trehalose or without these additives. Mix of
DNA fragments was used to analyze the changes in mobility of DNA by fractionation on agarose gel in

the presence of various additives at different temperatures.

Mast cell spreading

Eight-well multitest slides (ICN Biomedicals, OH, USA) were coated overnight at 4°C with 20 puL of
the solution containing 50 pg/ml fibronectin in PBS. Coated wells were washed with BSS-BSA and
cells was added per well. Cells were allowed to attach for 1 h at 37°C, washed and then activated with
antigen, thapsigargin or with combination of both activators. After 30 min, the cells were fixed for 15
min at room temperature with 3% paraformaldehyde in PBS. For F-actin staining, cells were washed
with 50 mM glycine in glutamate/EGTA buffer (137 mM K-glutamate, 2 mM MgCl,, 3 mM EGTA and
20 mM NaOH-PIPES, pH 6.8) and then exposed to phalloidin conjugated with Alexa Fluor 488 diluted
1:250 in PBS supplemented with L-a-lysophosphatidylcholine (120 pg/mL). After 30 min, cells were
washed, mounted with MOWIOL and examined with Olympus ScanR system. Cell area was determined
and normalized to non-activated cells and the statistic was calculated from ~500 cells in each

experiments.
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An interaction of multivalent antigen with its IgE bound to the high-affinity IgE receptor (FceRI) on
the surface of mast cells or basophils initiates a series of signaling events leading to degranulation
and release of infl Y di s. Earlier d that the first biochemically defined
step in this signaling cascade is tyrosine phosphorylation of the FceRI p subunit by Src family kinase
Lyn. However, the processes affecting this step remained elusive. In this review we critically evaluate
three current models (transphosphorylation, lipid raft, and our preferential protein tyrosine kinase-
protein tyrosine phosphatase interplay model) substantiating three different mechanisms of FesRI
phosphorylation.

® 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

Edited by Israel Pecht
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1. Introduction

Activation of mast cells and basophils through the high-affinity
IgE receptor (FceRI) leads to the release of pre-inflammatery medi-
ators involved in inflammation and allergy disorders [1]. FceRl,
which belongs to the multichain immune recognition receptor
{MIRR) family is a tetrameric complex formed by an IgE-binding
a-subunit, a signal-amplifying p-subunit, and a homodimer of
disulphide-linked y-subunits. Each FceR1 - and y-subunit contains
one immunoreceplor yrosine-based activation motif (ITAM)
which, after tyrosine phosphorylation, serves as a docking site for
other signaling molecules such as Sr¢ homology 2 (SH2) domain-
containing Src family kinase Lyn or Syk/Zap family kinase Syk
[1]. Several models have been proposed to explain mechanistically
how the FceRI becomes phosphorylated by protein tyrosine kinase

Abbreviations: FeeRl, high-affinity IgE receptor; MIRR, multichain immune
recogrition receptor; ITAM, immunoreceptor tyresine-based activation motil; SH2,
Src homoelegy 2; PTE, protein tyrosine kinase; FTF, protein tyresine phosphatase;
RBL, rat basophilic leukemia, EGFP, enhanced green fluorescent protein; DRM,
detergent-resistant membrane; MBCD, methyl-f-cyclodextrin; ROS, reactive oxy-
gen species; NADPH, nicetinamide adenine dinuclectide phosphate; BMMC, bone
marrow-derived mast cell; LAT, linker of activated T cell; PLC, phospholipase; NTAL,
non-T cell activation linker

* Corresponding auther. Address: Laboratery of Signal Transduction, Institute of
Molecular Genetics, Academy of Sciences of the Czech Republic, Videfiskd 1083,
Prague 4, CZ 142 20, Czech Republic. Fax: +420 241062214,

k-mai address: draberpe@img.cas.cz (P. Draber).

{PTK} Lyn. The models differ in their perception of the spatiotem-
poral relatienship between Lyn kinase and FceRI, and of the role
of protein tyrosine phosphatases (PTPs) at initial tyrosine phos-
phorylation of the receptor.

2. Models of FceRI phosphorylation
2.1. Transphosphorylation model

This model assumes that FceR1 in quiescent cells is nen-cova-
lently associated through its non-phosphorylated § subunit with
Lyn kinase which is unable to phosphorylate its carrier receptor
(Fig. 1). Aggregation of the IgE-FceRl complexes with multivalent
antigen initiates Lyn-dependent phoesphoerylation of the neighbor-
ing receptors within the aggregate [2]. This process is known as
transphosphorylation and was suggested to play a rele in the signal
transduction in several other systems [3]. It is corroborated by sev-
eral experimental findings. First, when hiochemically crosslinked,
at least 3-4% of the non-aggregated FceRl was found to be directly
associated with Lyn [4]. Second, Vonakis et al. [5] showed that Lyn
binds through its unique domain to p subunit of FceRI, irrespective
of phosphorylation of the ITAM. This binding does not involve Lyn
SH2 domain which interacts with phosphorylated ITAM, serving to
amplify the initial activation signal. Third, transfection of Lyn un-
ique domain into rat basophilic leukemia (RBL) cells inhibited anti-
gen-induced phosphorylation of FceRl i and vy subunit; this

0014-5793/636.00 @ 2010 Federation of European Biochemical Societies, Published by Elsevier BV, All rights reserved.

doi: 10.1016/j.lebsler2010,08,045
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Fig. 1. Models of FceR1 ylation. T

ylation model presumes that active Lyn is constitutively associated with non-phesphorylated FezR1; upoen FeeRI

aggregatien, Lyn phespherylates adjacent recepters in the aggregate. Lipid raft medel pestulates that FeeRl and Lyn are lecalized in different plasma membrane
microdemains; after aggregation FceRlis translocated to lipid rafts where it is phosphorylated by lipid raft-associated Lyn kinase, PTE-PTP interplay model assumes that PTPs
sel the threshold of FezRI tyrosine phosphorylation; after FeeRI triggering there is a shift in the PTK-PTP steady state in favor of PTKs.

suggests a competition for FceRl as a substrate between endoge-
nous Lyn and the transfected Lyn unique domain [6]. Fourth, stud-
ies with Chinese hamster ovary fibroblasts expressing FceRI and
various amounts of Lyn showed a direct correlation hetween
amount of Lyn and tyrosine phosphorylation of the FceRI. Detailed
mathematic analysis demonstrated that one Lyn molecule is capa-
ble of phosphorylating numerous adjacent FceRls [7]. Fifth, Lyn
was found to colocalize with FceRl as detected by transmission
electron microscopy on plasma membrane sheets isolated from
REL cells. In non-stimulated cells about 25% of randomly dispersed
FeeRI was associated with one or a few Lyn molecules [8]. Sixth,
Lyn kinase in quiescent mast cells is enzymatically active and its
activity is not further enhanced after FceRI triggering [9]. A muta-
tion of the C terminal tyrosine, responsible for inhibition of Lyn
kinase activity, led to a weak constitutive tyrosine phosphorylation
of several substrates including p and ¥ subunits of FczRI and Syk
kinase in non-stimulated cells [9]. Seventh, aggregation of FceRI
with trivalent ligands bound in defined distance (o a symmetric

DNA scaffold, resulted in phosphorylation of the FeeRl § and vy
subunits depending on the length of DNA spacer; more potent
trivalent ligands were those with shorter spacer [10]. Similarly, it
has been suggested that dominant factor affecting signaling capac-
ity of various anti-FceRl monoclonal antibodies is the orientational
element [11]. Eight, simultaneous observation of FczRI marked
with various quantum dot-labeled IgE revealed that aggregates of
at least three crosslinked FceRI remained mobile, showed pro-
longed diffussion and exhibited phosphorylation of the FceRI #
subunit and p-glucuronidase release [ 12]. Finally, fluorescence cor-
relation spectroscopy of Lyn-enhanced green fluorescent protein
{EGFP) and fluorescently labeled IgE bound to FceRI confirmed that
a small fraction of FceRl in non-activated cells colocalized with Lyn
[13]. Taken together, the results from the studies applying different
methods provide a strong support for the hypothesis that a fraction
of Lyn binds to unphosphorylated FeeRI, and strengthen the notion
that transphosphorylation could be the first step in FceRI signaling.
However, some data are in conflict with this hypothesis. For exam-
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ple, aggregated FceR1 becomes tyrosine phosphorylated even in the
absence of jp subunit [14]. Furthermore, chimeric receptors con-
taining only the v cytoplasmic tail become tyrosine phosphory-
lated upon their aggregation [15]. Alternative models had been
therefore proposed.

2.2, Lipid raft model

Lipid raft membrane microdomains were conceived as a mech-
anism for intracellular trafficking of lipids and lipid-anchored pro-
teins. The model assumes that biological membranes possess
microdomains having a lipidic structure with properties of lipid or-
der phase. These domains are rich in cholesterol and sphingomye-
lin, and possess a limited set of proteins, including those anchored
to the membrane via glycolipids (e.g. glycophosphatidylinositol) or
acyl groups {e.g. palmitoyl or myristoyl), and also some acylated
proteins with transmembrane domain. They are surrounded by
membranes with lipid structure resembling lipid disorder phase
possessing phosphatidylinositols and a majority of the transmem-
brane proteins [16]. Cholesterol plays a crucial role in the forma-
tion of lipid rafts, and cholesterol-depletion experiments have
been used in lipid raft function studies. Membrane domains with
properties of lipid rafts are often isolated as membranes resistant
to solubilization with non-ionic detergents, such as Triton X-100
at low temperature. Thus, the lipid raft hypothesis is in part based
on studies presuming that detergent-resistant membranes { DRMs)
correspond to lipid rafts, an assumption which is probahly incor-
rect [16]. On the other hand, the lipid raft model is supported by
experiments showing that aggregation of FceRl and some other
membrane proteins leads to a decreased detergent solubility as
can be decumented by density gradient ultracentrifugation. From
the FczRI perspective, lipid raft model postulates that in quiescent
cells FceRI is physically separated from active Lyn residing in lipid
raft domains [17]. After aggregation, FceRl is translocated into
these domains and is phosphorylated there by Lyn (Fig. 1). De-
creased detergent solubility was observed not just in extensively
aggregated FceRI, but even upon FceRI dimerization, although the
activation was delayed and more sustained [18]. Furthermore, it
has been shown that cholesterol depletion with methyl-f-cyclo-
dextrin {MBCD) reduced phosphorylation of the FceRl subunits as
well as other proteins. The tyrosine phosphorylation of FeeRI was
rescued when cholesterol was added [19]. These data were taken
as evidence that FceRl cannot be phosphorylated in the cells in
which lipid rafts are destroyed. Removal of cholesterol with MBCD,
however, led to a decreased expression of FceRl and had some

IB: PY20

1B: B chain
Activ.{min) © 1 5 1 5
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other effects on mast cell physiology [20]; therefore, these experi-
ments cannot simply be interpreted as supporting the role of lipid
rafts in FeeRl signaling.

Recent studies based on advanced microscopy methods re-
vealed that membrane domains in quiescent cells are highly dy-
namic and small in size {less than 10 nm). They can transiently
coalesce after ligand-induced aggregation of membrane proteins
and form larger domains [21]. In antigen-stimulated mast cells,
transient increase of FceRI in specialized cholesterol-rich domains,
peaking at 5 min after receptor aggregation has been described
[22]. However, it remains Lo be determined whether these changes
reflect either an association of FceRI with cholesterol-enriched li-
pid rafts possessing sequestered Lyn, or rather changes leading to
removal of aggregated FceRIL In fact, experiments with N-palmitoy-
lation-site deficient Lyn show that anchor of the Lyn to the plasma
membrane but not to DRMs is important for proper tyrosine phos-
phorylation of the FceRl [23]. Furthermore, Lyn-EGFP mobility
within the plasma membrane decreased upon FceRl triggering,
and association of the kinase with FceRl was increased. However,
ne change in association of aggregated FceRIl with EGFP anchored
to the plasma membrane through Lyn acylation site was observed
| 13]. Thus, lipid raft localization of Lyn is not sulficient for its inter-
action with aggregated FceRIL

2.3, PTK-PTP interplay model

The key player in the transphosphorylation and lipid raft mod-
els in antigen-activated mast cells is the PTK Lyn utilizing FczRI
ITAM as a substrate. However, the extent of phosphorylation of
the immunoreceptors and other substrates depends not only on
enzymatic activity of the PTKs, but, at least partly, also on the
activity of PTPs. As an attempt to explain some conflicting experi-
mental data which were inconsistent with lipid raft model, the
PTE-FPTF interplay model was coined {Fig. 1). Initially, the model
was elaborated in studies of immunoreceptor signaling in B cells.
Reth and co-workers [24] showed that the B cell receptor, belong-
ing to the MIRR family, forms a complex with PTKs and PTPs; this
complex is indispensable for reactive oxygen species (ROS)-in-
duced phosphorylation. Also, ROS encompassing superoxide or
hydrogen peroxide are known inhibitors of FIPs and are capable
of initiating early FceRl-induced signaling events in mast cells. De-
spite a growing list of confirmed PTPs present in mast cells, their
contribution to cell signaling regulation is still poorly understood
|25,26]. One possible way of regulation of the PTP activity is revers-
ible oxidation of Cys residue in a conserved signature motil (1]

Sucrose (%)

15 20 25
Fraction number

Fig. 2. Phospherylation of FcaRl does not require i3 translecation into lipid rafts, (A) IgE-senzinzed BMMCs were non-activated (C, Dmin) or activated for 1 or 5 min with
pervanadate (Pv) or antigen (Ag). The cells were solubilized and the FeeRl complexes were immunoprecipitated (IP) and analyzed by immuroblotting (1B) with antibodies
specific for phosphotyrasine (PY20) ar FceRl i chain (leading contral). Pasitions of FeaRI [ and v chains are indicated. (B) Density gradient fractionation of cell lysates, The
cells were sensitized with '**[-Igk and then left non-activated (C; filled squares) or activated with pervanadate (Pv; open circles) or anti-IgE («lgE; open squares), After 5 min
the cells were solubilized and fractionated by sucrose density gradient ultracentrifugation. Radivactivity in individual fractions was determined and expressed as percentage
of the wial radivactivity recovered, Percentage of sucrese in individual fractions is alse shown (filled triangles L Methodolegical details can be found elsewhere [32].
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V)HCxXGxxR(S/T) in the catalytic domain. The proximity of Arg in
the signature motif makes it possible for an invariant Cys to form a
thiolate anion at physiclogical pH (pKa <6.0) that can act in nucle-
ophilic attack on the phosphate group. However, the same Cys res-
idue can be cxidized by ROS to catalytically inactive Cys-sulphenic
acid, a mechanism that is fully reversible by action of glutathione
or other thiols [27]. ROS are produced under physiological condi-
tions by the activity of specialized enzymes such as nicotinamide
adenine dinucleotide phosphate (NADPH)-oxidase [28,29]. Strong
oxidants like pervanadate {a mixture of vanadate and H»0) irre-
versibly inactivate PTPs by the formation of Cys-sulphonic acid
residues [30]. Exposure of mast cells to pervanadate leads to acti-
vation events which resemble those induced by physiological
activators [31,32].
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The PTK-PTP interplay model is supported by several lines of
evidence. First, exposure of RBL or bone marrow-derived mast cells
(BMMCs) to pervanadate or H,0, induced robust tyrosine phos-
phorylation of the FceRI subunits in the absence of receptor migra-
tion into DRMs, as determined by solubilization of the cells in
Triton X-100 followed by sucrose density gradient ultracentrifuga-
tion. This was in sharp contrast to antigen- or anti-IgE antibody-in-
duced activation which led to the movement of FceRI into DRMs
(Fig. 2). Such data indicate that association of FceRI with DRMs is
not required for receptor phosphorylation. Second, electron
microscopy studies on isolated plasma membrane sheets showed
that FceRI in pervanadate-activated cells was distributed in the
same way as the receptor in non-activated cells. Thus, enhanced
receptor clustering is not required for tyrosine phosphorylation
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Fig. 3. Membrane topography of phosphatases, actin and FceR1 Plasma membrane sheets were prepared frem non-activated (Control; A and C), pervanadate-activated (Pv; B,
E, and F)or antigen-activated (Ag; D) BMMCs and after two-step labeling procedure were analyzed by electron microscopy. FceRI was labeled extracellularly using IgE (12 nm
gold; A and B) or from cytoplasmic side using anti-FceRI g chain (12 nm gold; F). Oxidized phesphatases were labeled with exPTP monoclonal antibody marked with 6 nm (A
and B) or 12 nm gold particles (C-E). F-Actin or SHP-2 were labeled with phalleidin (5 nm gold; C-E) or anti-SHP-2 antibody (6 nm gold; F), respectively. Gold particles of 5-
6 nm are indicated by arrowheads and those of 12 nm by arrows. Inlets in A and B show higher magnification. Experimental procedure details have been described [32].
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of FceRI [32]. Third, using a monoclonal antibody {oxPTP) recogniz-
ing oxidized Cys residue in catalytic domain of PTPs, enzymatically
inactive PTPs were detectable in a time- and dose-dependent man-
ner in cells activated with pervanadate, H;0; or antigen [32].
Fourth, most of PTK substrates are not phosphorylated if pervana-
date is added to cell lysates instead of intact cells [24]. Similarly,
lysates prepared from non-activated mast cells and treated with
H,0, or pervanadate exhibited a lower amount of oxidized PTPs
than lysates prepared from cells activated with H,0, or pervana-
date before lysis [32]. These data suggest that solubilization of
the cells with detergents destroys preformed signaling assemblies
containing PTKs, PTPs, and their substrates. Fifth, pretreatment of
activated cells with saponine, leading to cell permeabilization
and release of the majority of free cytoplasmic components, re-
sulted in association of the majority of oxidized PTPs with cellular

A

LAT
L

Ty Q

4953

ghosts [32]. This indicates that oxidized PTPs are not freely moving
in cytosol, but rather form large complexes. In fact, FceRI on plas-
ma membrane sheets isolated from non-activated (Fig. 3A) or acti-
vated (Fig. 3B) cells occasionally colocalizes with oxidized PTPs.
Interestingly, fraction of oxidized PTPs was associated with
membrane-bound actin cytoskeleton, especially after activation
(Fig. 3C-E). Finally, activation of the cells with antigen leads to de-
creased enzymatic activity of HePTP (PTPN7) and some other PTPs,
and exposure of the cells to H20- leads to a substantial decrease in
overall phosphatase activity [32].

An important task is the identification of PTPs directly involved
in regulating the tyrosine phosphorylation of the receptor. Using a
modified immunoprecipitation procedure with oxPTP antibody,
followed by mass spectrometry analysis of the immunoprecipi-
tated proteins, we found that several PTPs are oxidized in activated

NTAL

Fig. 4. Topography of oxidized phosphatases and transmembrane adaptor proteins. Plasma membrane sheets were prepared from nen-activated (Control; A and B), antigen-
activated (Ag Cand D} and pervanadate-activated (Pv; E and F) BMMCs and labeled for oxidized PTPs with 6 nm gold (A-F) or for LAT (A, C, and E) or NTAL (B, D, and F) with
12 nm gold. Gold particles of 6 or 12 nm in size are indicated with arrowheads or arrows, respectively. Inlets in E and F show higher magnification, Experimental procedure

details have been described [32,38].
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mast cells; they include SHP-1 (PTPNG), SHP-2 {FTPN11), PTP-
MEG2 {PTPN2) and HePTP. However, we failed to co-immunopre-
cipitate the PTPs with FceRl and we found no binding motifs in
FceRlI § and v subunits for the phosphatases, except for the phos-
photyrosine motifs. Interestingly, it has been found that SHP-2
occasionally colocalizes with FceRI {Fig. 3F), and that FceRI is
pre-associated in non-activated cells with SHP-1 [33]; these phos-
phatases exhibited enhanced enzymatic activity after FceRl trig-
gering [32]. The finding that a fraction of these phosphatases was
reversibly oxidized in their active sites [32], suggests that there
are spatiotemporal differences in enzymatic activity of the phos-
phatases. It is possible that the enzyme molecules in the vicinity
of the receptor in submembraneous region have different enzy-
matic activity immediately after receptor triggering than the rest
of molecules in the cell. Another PTP, the HePTP, also oxidized in
activated mast cells, exhibited a decreased enzymatic activity after
FeeRI triggering, and could thus contribute to an enhanced phos-
phorylation in activated cells.

How could the PTPs hecome inactivated under physiological
conditions? Production of ROS either intracellularly [28] or by
adjacent macrophages [34] influences mast cell activation, It has
been shown that ROS produced by NADPH oxidase is crucial for
phosphorylation of many substrates [linker of activated T cells
{LAT), phospholipase {PLC)y1 and {PLC)y2], but NADPH oxidase
alone is dependent on the activity of Src family kinases and
PlI3-kinase [28|. In one recent study, however, abrogation of
FeeRI-dependent ROS production had no effect on degranulation
or cytokine production [29]; this would suggest that antigen-in-
duced conformational changes in FceR1 and resulting impaired ac-
cess of FTPs to their substrates could be more important for
enhanced FceRl B and v subunits phosphorylation than inhibition
of enzymatic activity of the PTPs by ROS. Conformational changes
in activated MIRRs have already been described [35,36]. It is pos-
sible that a similar change could lead to a shift in PTK-FTP steady
state phosphorylation level of FczRI after mast cells triggering.
The combined data suggests, that non-activated mast cells pos-
sess preformed signaling assemblies containing immunorecep-
tors, and PTKs and PTPs which are in steady state. The binding
of a multivalent antigen could cause a change in conformation
of FceRl which would be followed by a change in the steady state
in favor of PTKs.

3. Topography of signaling molecules

Electron microscopy studies showed that most of the plasma
membrane-bound molecules are associated with osmiophilic re-
gions of the membrane [37]. Interestingly, molecules which were
expected to be localized in lipid rafts, such as non-T cell activation
linker {NTAL) and LAT, were lecalized individually or in small clus-
ters and were not intermixed |38]. This suggests that lipid rafts, if
they exist, are smaller than previously thought, and could be re-
stricted to individual proteins or their clusters and surrounding lip-
ids. Small size of signaling domains was documented in studies in
which FceRI dimers were capable of initiating signaling cascades
without any dramatic changes in their redistribution in the plasma
membrane [12,18)]. Signalosomes of dimerized FceRI persisted at
the membrane longer than large aggregates formed by binding of
multivalent antigen to IgE-FceRl complexes. Thus, formation of
large FceRl aggregates is impoertant for more potent removal of
the membrane signalosomes ar later stages of signaling.

Interesting data were obtained in studies analyzing the topog-
raphy of membrane-bound PTPs. Antibody specific for oxidized
phosphatases reacted mostly with cytoskeleton-like structures in
non-activated mast cells [32]. Enhanced asseciation of oxidized
phosphatases with these structures was observed in cells activated

by antigen and especially by pervanadate. The same structures
were labeled with phalloidin {Fig. 3C-E), indicating that oxidized
phosphatases are preferentially associated with actin cytoskeleton.
These data suggest that actin cytoskeleton is involved in early sig-
naling events by regulating the topography of phosphatases. Alter-
natively, actin could play a role in sequestering and/or scavenging
irreversibly oxidized PTPs. In this connection it should be men-
tioned that actin probably plays a role in sequestering Lyn kinase
to the periphery of large FceRI aggregates which are consequently
internalized [8].

Further studies showed that PTPs could also play a role in acti-
vation-induced tyrosine phosphorylation of the transmembrane
adaptor protein NTAL and LAT, which in phosphorylated state
serve as docking sites for molecules involved in FceRI signaling
[1]. Although both LAT and NTAL are detergent-resistant proteins,
they exhibited enhanced colocalization with oxidized FTPs after
FceRl triggering and even more so after treatment with pervana-
date {Fig. 4). Nevertheless, oxidized phosphatases have not been
found in DRMs [32]. Similarly, Syk was detected in FceRI clusters
on plasma membrane sheets isolated from activated mast cells
[8], in spite of the fact that only FceRl, was associated with DRMs
[39]. Moreover, experiments with disageregated FeeRI clusters
showed that the rate of their dephosphorylation was the same as
that of other proteins [29]. These data indicate that proteins in
DRMs are not protected from phosphatase activity and that even
typical DEM proteins could be phosphorylated as proposed by
the PTK-FPTP interplay model.

4. Conclusions

We evaluated three models which have been proposed Lo ex-
plain the molecular mechanism wherehy aggregation of the FceRI
initiates the first biochemically defined step in the antigen-medi-
ated signaling in mast cells - tyrosine phosphorylation of the FceRI
(i subunit by Lyn kinase. Although the transphosphorylation and li-
pid raft models are supported by numerous studies that are not
limited to immunoreceptor signaling, they do not satisfactorily ex-
plain all activation events, such as tyrosine phosphorylation by
ROS. This necessitated the introduction of FTK-PTP interplay mod-
el based on an assumption that PTKs and PTPs are in steady state in
quiescent cells and activation disturbs this steady state in favor of
kinases. Considering the fact that the turnover rate of active PTPs is
100- to 1000-times higher than that of PTKs [40], one can hypoth-
esize that the PTK-PTP steady state in quiescent cell is set to over-
ride PTK, a process that could serve as a threshold of FczRI
signaling. Local ROS production or conformational changes of FceR1
leading to inactivation of the enzymatic activity of FTPs or their
inaccessibility to the substrate could precede tyrosine phosphory-
lation of the FceRL

New appreaches and methods are required to understand in de-
tail the initiation of FceRl phosphorylation and spatiotemporal
coordination of the FceRl signalosome formation. Better under-
standing of these events is expected from the introduction of
new real-time methodologies with nanoscale resolution. Promising
are approaches analyzing immunoreceptor signaling in cell-free
systems with defined composition of lipid bilayers and properly
accommodated signaling molecules. Genetic approaches will no
doubt play a major role in deciphering signaling events in a com-
plex cellular environment. Detailed analysis of properties of cells
with knock-out of selected genes and restored with various mutant
forms of the gene {knock-in approach) could still lead to the dis-
covery of new players involved in initial stages of FceRl signaling.
These, in turn, could become targets for new drugs, and thus con-
tribute to new rational approaches to therapy of mast cell medi-
ated diseases.
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STIM1-Directed Reorganization of Microtubules in Activated
Mast Cells
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Lubica Dréaberova,’ JiF{ Jandcek,* Petr Draber,’ and Pavel Driber*

Activation of mast cells by aggregation of the high-affinity IgE receptors (FceRI) initiates signaling events leading to the release of
inflammatory and allergic mediators stored in cytoplasmic granules, A Key role in this process play changes in concentrations of
intracellular Ca®* controlled by store-operated Ca®~ entry (SOCE). Although microtubules are also involved in the process leading
to degranulation, the molecular mechanisms that control microtubule rearrangement during activation are largely unknown. In
this study, we report that activation of bone marrow-derived mast cells (BMMCs) induced by FeeRI aggregation or treatment
with pervanadate or thapsigargin results in generation of protrusions containing microtubules (microtubule protrusions). For-
mation of these protrusions depended on the influx of extracellular Ca®". Changes in cytosolic Ca® concentration also affected
microtubule plus-end dynamies detected by microtubule plus-end tracking protein EB1. Experiments with knockdown or reex-
pression of STIM1, the key regulator of SOCE, confirmed the important role of STIM1 in the formation of microtubule pro-
trusions. Although STIMI in activated cells formed puncta associated with microtubules in protrusions, relocation of STIMI1 to
a close proximity of cell brane was independent of growing microtubules. In accordance with the inhibition of Ag-induced
Ca® response and decreased formation of microtubule protrusions in BMMCs with reduced STIM1, the cells also exhibited
impaired chemotactic response to Ag. We propose that rearrangement of microtubules in activated mast cells depends on STIMI1-
induced SOCE, and that Ca® plays an important role in the formation of microtubule protrusions in BMMCs. The Journal of
Immunology, 2011, 186: 913-923,
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ast cells play a pivotal role in innate immunity, allergy, in the degranulation and release of inflammatory mediators such
and inflammation; they express plasma membrane as histamine, proteases, lipid mediators, and cytokines. The first
associated FeceRls, the aggregation of which by mul- defined step in FeeR1 signaling is tyrosine phosphorylation of the

tivalent Ag-IgE complexes triggers mast cell activation resulting FceRI [ and v subunits by Src family kinase Lyn. This step is
followed by enhanced activity of Syk kinase and phosphorylation
of transmembrane adaptor linker for activation of T cells. Phos
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Peaguie, Crech Republic to nf receptors in the endoplasmic reticulum (LR-). This re_:s‘ulls in
Ca™" efflux from the ER (1). Subsequently, depletion of Ca™ from
ER lumen induces
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The stromal interacting molecule 1 (STIMI) is a pivotal com-
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cluding ER (12), the role of microtubules in regulating SOCE is
not fully understood. Whereas inhibition of microtubule dynamics
by taxol, a microtubule stabilizer, or by knockdown (KD) of EB1
had no significant effect on SOCE (11), Ca®" influx in different
cell types was inhibited by microtubule depolymerizing drug no-
codazole (13, 14). It has been suggested that microtubules play a
facilitative role in SOCE signaling pathway by optimizing the
localization of STIMI (I5).

Microtubules are involved in mast cell degranulation, because
the movement of secretory granules depends on intact microtubules
(L6, 17). This finding is supported by demonstrations that agents
inhibiting tubulin polymerization also suppress degranulation (18—
20). Importantly, FceRI aggregation triggers reorganization of mi-
crombules and their concentration in cell periphery (17, 21). It has
also been reported that translocation of granules along micro-
tubules to plasma membranes occuwrred independently of Ca™’,
whereas the release of mediators and granule-plasma membrane
fusion were dependent on Ca’ {17). Although these data confirm
that a microtubule network is required for mast cell degranulation,
our understanding of the mechanisms responsible for microtubule
formation in bone marrow-derived mast cells (BMMCs) during
activation events is still limited.

In this study, we investigated the imterplay between Ca’* sig
naling and changes in microtubule distribution in the course of
BMMC activation. Our results indicate that microtubules in acti
vated cells are in protrusions that depend on STIMI activity and
Ca”™ influx. Whereas microtubules are not necessary for the re
location of STIMI to puncta in close proximity to the plasma
membrane in activated cells, changes in the concentration of cy
toplasmic Ca” affect microtubule plus-end dynamics and result in
dramatic modifications in cell physiology documented by che
motactic response. The results support the concept of a tight
crosstalk between microtubular network and Ca®' signaling ma
chinery in the course of mast cell activation.

Materials and Methods

Reagents

Fibronectin, rlocodazole- thapsigargin, probenecid, DNP-albumin, and DNP-
lysine wereacquired from Sigma- Aldrich (St. Lowis, MO). Sre-famil y selective
tyrosine kinase i 1 PP2 and the negative control, PP3, were obtained from
Calbiochem (Darmstadt, Germany). Fluo 3-AM, Fura Red-AM, 4-methyl-
umbelliferyl f-p-glucuronide, and Lipofectamine 2000 were purchased from
Invitrogen (Carlsbad, CA), and puromy<in was acquired from InvivoGen (San
Diepo, CA). TL-3 and stem cell factor (SCF) were from PeproTech (Rocky

r enzymes were bought from New England Biolabs
(Ipswich, Mm S‘u]w‘ilmnl WestPico Chemiliminescent reagents were
hought from Pierce (Rockford, IL).

Abs

Mouse mAb PY-20 (IpGap) labeled with HRP and anti-STIM1(GOK) mAb
(1gG,,) were acquired from BD Biosciences (San Jose, CA). Rabbit Ab to
o-tubulin was acquired from GeneTex (Irvine, CA). Rabbif Ab to actin,
mAb TUB 2.1 (IgGy) to B-tubulin labeled with indocarbocyanate (Cy3)
and mAb SPE-7 (IgE) specific for DNP were acquired from Sigma-
Aldrich. Anti-mouse and ani-rabbit Abs conjugated with HRP were pur-
chased from Promega Biotec (Madison, WI), Alexa Fluor 488-conjugated
anti-rabbit IgG Ab was acquired from Invitrogen (Carlsbad, CA), and
FITC-conjugated anti-mouse IgG cross-reacting with mouse IgE were
acquired from Jackson ImmunoResearch Laboratories (West Grove, PA).

To prepare mouse mAb specific for STIM1, 29-aa oligopeptide
DNGSIGEETDSSPGRKKFPLKIFKKPLKK corresponding to the mouse
STIM1 sequence 657-685 from the C-terminal end of the molecule (22) was
synthesized by Clonestar Pepfide Service (Bmo, Czech Republic). A
cysteine had been added to the N terminus of the peptide to allow oriented
covalent coupling to the carrier proteins, maleimide-activated keyhole
limpet hemocyanin, or BSA (Imject Activated Immunogen Conjugation
Kit, Pierce, Rockford, IL), according to the manufacturer’s directions.
BALB/c mice were immunized with the peptide-keyhole limpet hemocy-

STIMI-DIRECTED REORGANIZATION OF MICROTUBULES

anin conjugate, and sera were monitored for Ab activity by ELISA on
peptide-BSA conjugate as described (23). Fusion of splenocytes with
mouse myeloma cells Sp2/0, screening by ELISA, cloning and production
of ascitic fluids in BATB/c mice have been described previously (24). The
subclasses of mAbs were identified by ISO1 isofyping kit (Sigma-Aldrich).
The selected hybridoma cell line ST-01 produced Ab of the 1gG; class.

Cell cultures and transfection

Bone marrow cells were isolated from the femurs and tibias of 6-8-wk-old
BALB/c mice. All mice were maintained and used in accordance with the
Institute of Molecular Genetics guidelines. The cells were differentiated in
suspension culfures in freshly prepared culfure medium (IMDM supple-
mented with antihiotics [100 U/ml penicillin, 100 pg/ml streptomycin]
10% FCS, 35 WM 2-ME, IL-3 [36 ng/ml] and SCF [36 ng/ml]). Cells were
grown at 37°C in 10% CO, in air and passaged every 2-3 d. After 6-8 wk,
~99% of cells were identified as mast cells, expressing FceRI and c-Kit as
detected by flow eytomerry. BMMCs isolated from at least three mice were
used for each experiment.

Mouse BMMC line (BMMCL) was by M. Hibbs (Ludwig Institute for
Cancer Research, Melboumne, Australia). In this study, the cells are denoted
as BMMCL and were cultured in freshly prepared culture medium ( RPMI
1640 supplemented with 20 mM HEPES, pH 7.5, 100 U/ml penicillin, 100
pgfml streptomyein, 100 pM MEM nonessential amino acids, 1 mM so-
dium pyruvate, 10% FCS, and 10% WEHI-3 cell supematant as a source of
IL-3). Cells were grown at 37°C in 5% CO, in air and p'mas’ed every 2 d.

HEK 293FT packaging cells (lmnmp.e'.r] were grown at 37°Cin 5% CO,
in DMEM supplemented with 10% FCS and antibiotics. The cells used for
lentivirus production were at passape 4-15.

BMMCT. cells were transfected with DNA constructs by nucleofection
using Mouse Macrophage Kit and program Y-001 on Amaxa Nucleofector
I (Lonza Cologne AG, Cologne, Germany) according to the manufacturer’s
instructions. After nucleofection, cells were transferred into culture media
supplemented with 1L-3 and cultured for 24—48 h before analysis.

DNA constructs

Full-length human STIMI cloned into pDS_XB-YFP vector (pYFP-
nSTIM1) was provided by Dr. T. Meyer (5). The sipral-peptide region
(22), sequence 1-23 aa, of STIM1 was recloned from this vector into
pmCherry_N1 from Clontech Laboratories (Mountain View, CA) upstream
of mCherry, using FcoRI and Apgel restriction sites. The remaining part
of STIM1 was recloned downstream of mCherry into the BsrGl site.
The construct was verifiad by DNA sequencing. Expression plasmid cod-
ing mouse EB1 fused with GFP (pEB1-GFP) was obtained from
Dr. Y. Mimori-Kivosue (25). Expression plasmid coding human EB3 fused
with mRFP1 (26) was obtained from Dr. A Akhmanova (11).

Lemtivivus short hairpin RNAs and virus transduction

A set of five murine STIM1 (GerBank accession number: NM_ 009287)
short hairpin RNA (shRNA) constructs cloned into the pLKO.1 vector
(TRCNOO00175139, TRCNOOOO175008, TRCNOOO0193877, TRCNOODO-
193400, and TRCNO000173765) were purchased from Open Biosystems
(Huntsville, AL). Aliquots of 1.4 ml Opti-MEM medium (Invitrogen) were
mixed with 21 pl ViraPower Lentiviral Packaging Mix (Invitogen), 14 pg
STIM1 shRNA constructs, and 82 pl Lipofectaming 2000, The mixture was
incubated for 20 min at room temperature before it was added to semiconflu-
ent HEK-203FT packaging cells in a 150-em” tissue-culture flask. After 3 d,
virusesin ts were concentrated by centrifugation at 25,000
rpm for 2 b using a JA-25.50 rotor (Beckman Coulter, Palo Alto, CA). The
pellets were resuspended in 1 ml of culture medium and added to 29 ml of
medium, supplemented with 5 p.g/ml puromycin confaining 5 X 10° BMMCs
or BMMCL cells. Stable selection was achieved by culturing cells for 1 wkin
the presence of puromycin. Cells were pooled and analyzed for STIM1 ex-
pression by immumnoblotting. Cells with the highest reduction of STIM1 pro-
tein, obtained with TRCING(00175008 (KD1) and TRCNOOG0193400 (KD2),
werte selected for addifional experiments. Cells transfected with empty pLKO.1
vector were used as negative controls.

Cell activation

Cells at a concentration of 6 X 10° cells/ml were sensitized for 2 h at 37°C
in IL-3- and SCF-free culture medium supplemented with DNP-specific
IgE mAb (SPE-7; 1 pg/ml). The cells were then washed in buffered saline
solution (BSS; 20 mM HEPES, pH 74, 135 mM NaCl, 5 mM KCL, 1.8
mM CaCl,, 5.6 mM glucose, 2 mM MgCl,), supplemented with 0.1% BSA
(BSS-BSA), and challenged with various concentrations of Ag (DNP-
albumin; 30—40 mol of DNP per mole of albumin) or thapsigargin.

For immunofluorescence experiments, cells at a concentration of 6 X 10°
cells/ml were sensitized in suspension for 1 h at 37°C with DNP-specific
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TgE (1 pg/ml) and diluted to a concentration of 1.5 X 10° cells/ml. The
suspension (1 ml) was then overlaid on fibronectin-coated coverslips
(immersed for 1 h at 37°C in 50 p.g/ml fibronectin in 50 mM NaHCO; and
rinsed in PBS) placed in a 3.5-cm tissue culfure dish. Cells were allowed to
attach for 1 h at 37°C, washed in BSS-BSA, and challenged for 3-5 min
with Ag (DNP-albumin) at a final concentration of 100 ng/ml. To de-
termine the time course of activation, cells were challenged with Ag for 1-
10 min. For dose response curve construction, the concentration of Ag
ranged from 10 to 1000 ng/ml.

Alternatively, cells were activated by pervanadate or thapsigargin, in
which case the sensifization step was omitted. Pervanadate solufion was
prepared fresh by mixing sodium orthovanadate solution with hydrogen
peroxide to get a final concentration (10 mM) of both components. The
pervanadate solution was incubated for 15 min at room temperature and
then diluted 1:100 in BSS-BSA. Attached cells were incubated with per-
vanadate solufion for 15 min at 37°C. Cells were also incubated for 20 min
with BSS-BSA confaiming 2 pM thapsigargin. To defermine the time
course of activation, cells were activated with thapsipargin for 5-20 min.
Dose response measurements were done at thapsigargin concentrations
ranging from 001 to 2 pM. In some experiments, [Ca™*]-free BSS was
used. Trypan blue exclusion test was used to evaluate the effect of per-
vanadate and thapsigargin on viability of cells.

To depolyme b e treated for 1hat 37°C with 10
pM nocodazole and activated with pervanadate or thapsigargin in the
presence of nocodazole. To inhibit the activity of Src family kinases, IgE-
sensitized cells were pretreated for 60 min with Sic family selective ty-
rosine kinase inhibitor PP2 at a concentration of 10 pM hefore incubation
with DNP-albumin. Cells treated for 60 min with 10 pM PP3 were used as
controls,

Flow eytometry analysis of FeeRI

To determine the surface FoeR1 expression, cells (5 % 10%/ml) were ex-
posed for 30 min on ice to 1 pgfml anti-DNP IgE followed by 30 min
incubation with FITC-conjugated anti-mouse Ab (cross-reacting with
mouse IgE). After incubation the cells were washad in ice-cold BSS-BSA.
Mean fluorescence intensities were determined in the FL1 chamnel of
FACSCalibur (BD Biosciences, Mountain View, CA).

Degramdation assay

The depree of depranulation was guantifiad as the release of fi-glucuron-
idase from anti-DNP IgE-sensitized and DNP-albumin or thapsigargin-
activated cells, using 4-methylumbelliferyl B-p-glucuronide as a sub-
strate (27). The total content of the enzyme was evaluated in supematants
from cells lysed by 0.1% Triton X-100.

A - 24 . 5 34
Determination of intracellular Ca™" concentrations and ee?
uptake

Concentrations of free intracellular calcium f[['a“_h] were determined
using Fluo3 as a reporter. Cells were sensitized with anu-DNF IgE (1 pg/
mil) at 37°C in culture medium supplementad with 10% FCS, but devoid of
SCF and IL-3. After 4 h, the cells were washed and resuspended at
a concentration of 1 % 107 cells/ml in the same medium supplemented
with Fluo3 and probene nal concentrations of 1 pe/ml and 2.5 mM,
respectively. After 30 min, the cells were washed in BSS-BSA supple-
mented with probenecid and put on ice for 10 min. Before measurement,
the cells (5 % 10°) were briefly centrifuged, resuspended in 200 pl B5S-
BSA, and preincubated for 4 min at 37°C. Cells were activated hy adding
100 ng/ml DNP-albumin or 2 pM thapsigargin, Calcium mobilization was
determined in the FLL1 channel of a FACSCalibur Flow Cytometer (BD
Biosciences, San Jose, CA) using Flowlo software (Ashland, OR). In the
yellow fluorescent protein (YFP)-hSTIM1 rescue experiments, calcium
responses were measwred 48 h affer nucleofection. STIM1 KD cells
nucleofected with pYFP alone (Clontech Laboratories, Mountain View,
CA) were used as a mock confrol. The experimental procedure was similar
to that described above with some differences. Cells were loaded with the
calcium reporter Fura Red (5 pg/ml), and changes in fluorescence intensity
were monitored on an LSRII flow cytometer (BD Biosciences). Pop-
ulations of live cells were selected based on forward and side scatters. In
live nucleofected cells, YFP-positive cells were gafed based on fluores-
cence in the FL1 channel. Fura Red was excited with 406- and 488-nm
lasers, and data were collected separately using 675/45 BP and 675/20 BP
filters, respectively.

Uptake of extracellular calcium was determined as described previously
(28). Cells were sensitized with anti-DNP IgE (1 p.g/ml) and activated for
various fime intervals with 100 n;/ml DNP-albumin or 2 pM thapsigargin
in the presence of extracellular PCa®* (1 mM). Cell-hound radioactivity
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was measured in 10 ml scintillation liquid (EcoLite; ICN Biomedicals,
Costa Mesa, CA) using a QuantaSmart TM counter.

Chemotaxis assay

Chemotactic responses of BMMCs were examined using 96-well chemo-
taxis plates (ChemoTx system; Neuro Probe, Gaithersburg, MD) with 8-p.m
pore size polycarbonate filters. Chemoatractant (DNP-BSA) at concen-
trations of 50-250 ng/ml in RPMI 1640 supplemented with 20 mM HEPES
and 1% BSA (assay buffer), or assay buffer alone was added in 305 pl to
the lower wells, and TgE-sensitized BMMCs (0.15 X 10°%) in 60-ju1 assay
buffer were added on top of the membrane above each well. After 8 h
incubation at 37°C and 5% CO, in humidified air, cells on the upper
membrane surface were removed with suction, and the plates with mem-
brane frames were centrifuged (156 X g, 4 min). After centrifugation, 200
il media above the cells was removed and 100 pl of water containing
0.1% Triton X-100 and 10 pM SYTOX Green nucleic acid stain (Invi-
trogen) was added to the well. Fluorescence was determined at 485-nm
excitation and 530nm emission, using TECAN Infinite M200 Auorescence
microplate reader (Gridig, Austria), A linear standard curve with serial
dilutions of the cells (400-50,000 cells) was included in each experiment
to eguate fluorescence intensity with cell number. Four independent
experiments were run in triplicates.

Gel electraphoresis and immunoblotting

Whole-cell extracts were prepared by washing the cells in cold PBS,
solubilizing them in hot SDS-sample buffer (29), and boiling for 5 min.
SDS-PAGE on 7.5% pels, electrophoratic ransfer of separated proteins
onto nitrocellulose, and details of the immunostaining procedure have
been deseribed elsewhere (30). Abs against STIMI and actin were diluted
1:2000 and 1:3000, res vely, Bound primary Abs were detected af-
ter incubation of the blots with HRP-conjugated secondary Ab diluted
1:10,000. Phosphotyrosine was detected by PY-20-HRP conjugate (dilu-
tion 1:2000). HRP sigral was detected with chemiluminescence reagents
in accordance with the manufacturer’s directions and quantified using LAS
3000 imaging system (Fujifilm, Tokyo, lapan).

fﬂ]’”i]’ui{WHHF?'.!'J.'!’.‘H{'(.‘ Jﬂff.'i‘?l.\'{'(}ﬂ_v

Immiunofluorescence microscopy was performed on fixed cells as described
previously (31). Cells 1ed 1o fibronectin-coated coverslips were rinsed
with microtubu izing buffer (0.1 M MES, pH 69, 2 mM EGTA,
2 mM MpCla, 4% hylene plycol 6000), fixed for 20 min in 3%
formaldehyde in microtabule-stabilizing buffer, and extracted for 4 min
with 0.5% Triton X-100 in microtubule-stabilizing buffer. TUB 2.1 mAb
conjugated with Cy3 and polyclonal Ab to o-tubulin were diluted 1:600
and 1:200, respectively. AlexaFluor 488-conjugated anti-rabhit Ab was
diluted 1:300. The preparations were mounted in MOWIOL 4-88 (Merck,
D Germany), supplemented with DAPT to label nueled, and ex-
an Olympus AT0D Provis Toscope equipped with X600
water-immersion or X 100 oil-immersion objectives. Images were recorded
with a SensiCam cooled CCD camera (PCO IMAGING, Kelheim, Ger-
many). Conjugated secondary Ab did not give any detectable staining.

Alternatively, samples were examined with a confocal laser scanning
microscope Leica TCS 5PS equipped with an X63/1.4. N.A. oil-immersion
ohjective. Excitation and emission wavelenpths were 561 nm and 366 to
633 nm for Cy3 (diode pumped solid-state laser). Optical sections were
acguired in 125-nm steps, and z-series were made from 70 sections. De-
convolution and rotation was performed using Huygens Deconvolution
Software (Scientific Volume Imaging, Hilversum, The Netherlands).

To estimate the number of cells that responded to activation evenis by
generation of microtubule protrusions, three independent immunofluores-
cence experiments were performed. In each experiment usually 500 cells
were examined, and cells with five and more microtubule protrusions after
activafion were counted up. These protrusions were not discernible in
nonactivated cells. Statistical comparison of data was conducted with Stu-
dent 7 test.

Time-lapse imaging by total internal reflection fluorescence
microscopy

Control BMMCL cells, BMMCL cells with empty pLKO.1 vector, or
cells with STIM1 KD were nucleofected with pEB1-GFP. Altematively,
BMMCL cells were nucleofected with YFP-hSTIM1 or simultaneously
with YFP-hSTIM1 and EB3-mRFP1. Twenty-four hours later, 100 pl of
cell suspension at concentration 1.5 X 10° cells/ml was overlaid on 35-mm
glass-hotfom culture dishes (MatTek, Ashland, MA; Cat. No. P35G-1.5-
14-C) precoated with fibronectin (see above), and cells were allowed fo
attach for 1 h at 37°C. Perfusion insert for the 35-mm culture dish was
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inserted (Wamer Instruments, Hamden, CT, model RC-37F), and cells
were washed and subsequently incabated in RPMI medium for live cell
imaging (RPMI 1640 without phenol red, riboflavin, folic acid, pyridoxal,
Fe[NO4]sy) supplemented with 20 mM HEPES. Cells were imaged on the
Leica AM total internal reflection fluorescence (TIRF) MC (Leica Micro-
systems) at 37°C. Time-lapse sequences of EB1-GFP or YFP-hSTIM1
were acquired in TIRF mode (GFP cube, laser line 488 nm; Bx, 470/40;
Em, 525/50; penetration depth, 150 nm) using HCX PL APO X100/146
NA oil-immersion TIRF ohjective. Images were taken for 3 min at 1-s
intervals with 30—10% laser power and exposure times ranging from S00-
00 ms. Time-lapse sequences of EB3-mRIFP] in combination with YFP-
hSTIM1 were acquired in TIRF mode (laser lines 561 nm or 488 nm, Em:
640440 or 530/30, respectively; the same penetration depth 150 nm for
both channels) using the same objective as above. Individual channels
were imaged sequentially. Images were taken for 3 min at 2-5 intervals
with 50-80% (561 nm) or 30404 (488 nm) laser power and exposure
times ranging from S00-800 ms. Cells were scanned before, during, and
after thapsiparpin or nocodazole addition to final concentrations of 2 M
and 10 pM, respectively,

Time-lapse sequences were adjusted and analyzed with a particle
tracking plug-in written in house, The images were smoothed to remove
noise (o 80 nm). The particles were then enbanced by subtracting the
images obtained by Gaussian smoothing (o 300 nm). The coondi F
particles were detected as centers of mass of maxima of the imag 15ty
found by morphologic recomstruction (32). Regions of pixels with distance
less than 3 pm from cell boundary were detected by thresholding the
Euclidean distance transform (33) of the cell hinary imape. Only the par-
ticles in the selected region were evaluated. The comesponding particles in
subsequent images were detected by pairing the closest particles, and the
particle trajectories were constructed by continuation. The speed of the
particles was calculated as the ratio of particle trajectory length and tra-
Jjectory duration. The histopram of the particles speed was calculated from
the trajectory speed weighted by the trajectory duration. The algorithms
were implemented as plug-in modules of the Ellipse program, version 2.07
(ViDiTo, Systems, KoSice Slovakia). Statistical amalysis was dome in
Microsoft Excel.

Results

Reorganization of microtubules during activation of BMMCs

To compare microtubule orgamzation in resting and activated mast
cells, BMMUCs were attached to fibronectin-coated coverslips and
then activated by various means before fixation and immunoflu-
orescence labeling for B-tubulin, Data showed a clear difference
between resting and activated cells in microtubule distribution.
Quiescent cells were characterized by rounded morphology and
microtubules in cell periphery running predominantly alongside
the plasma membrane (Fig. 1A, o, b; —Ag). When activaied by
FeeRI aggregation, many cells had multiple protrusions containing
microtubules, in the following text denoted as microtubule pro
trusions (Fig. 1A, ¢, ; +Ag). Similarly, activation by pervanadate,
a potent protein tyrosine phosphatase inhibitor (34) that mimics in
part the stimulatory effect of Ag (35), gave rise to multiple mi-
crotubule protrusions (Fig. 1A, e, f; +Pv). Surprisingly, generation
of robust microtubule protrusions was also found in cells treated
with thapsigargin, a compound that discharges intracellular Ca?"
stores by inhibition of the SERCA (36) (Fig. 1A, g, h; +thapsi-
gargin [Tg]). Microtubule protrusions do not reflect only the
spreading of cells during activation events, because they are also
found on the dorsal side of cells as clearly documented on de-
convoluted three-dimensional images from laser scanning confo-
cal microscopy. Although no protrusions were found in resting
cells (Fig. 2A, 2B, —Ag), they were clearly discernible in cells
activated by Ag-mediated FceRI aggregation (Fig. 2C, 2D, +Ag),
pervnadate (Fig. 2E, 2F, +Pv) or thapsigargin (Fig. 2G, 2H, +Tg).
To determine whether the number of cells with protrusions
depends on the mode of activation, BMMCs were evaluated for
the presence of protrusions in three independent experiments
(each included 500 cells). Activation of the cells with Ag, per-
vanadate, or thapsigargin resulted in 37 = 9,59 = 8, and 94 = 3%

STIMI-DIRECTED REORGANIZATION OF MICROTUBULES
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FIGURE 1. Organization of micromubules in resting and activated mast
cells. A, Resting BMMCs (a2, b —Ag), the cells activated by FeeRI ag-
pregation (e, d: +Ag), pervanadate (e, £ +Pv), or thapsigargin (g, 2 +Tg)
were fixed and stained for f-tubulin. The preparations were imaged hy
fluorescence microscopy. Scale bars, 20 pm (g) and 10 pm (7). Compa-
rable magrifications are in (a, c, e, g) and in (b, d, £, k). B, Quantitative
analysis of the frequency of microtubule protrusions in BMMCs. Resting
cells (Ag), cells activated by IceRl aggregation (+Ag), pervanadate
(+Pv) or thapsigargin (+Tg). Three independent experiments were per-
formed, each involving 500 BMMCs examined for the presence of mi-
crotubule protrusions. Values indicate means + SD (n = 3).

(mean * SD; n = 3), respectively, of cells with microtubule
protrusions (Fig. 1B). To prove that the generation of microtubule
protrusion is not restricted only to cells of primary cultures, ac-
tivations were repeated with an established cell line, BMMCL.
In that case the rates of activation with Ag, pervanadate, or
thapsigargin were 55 = 10, 64 * 3, and 80 * 5% (mean * SD;
n = 3), respectively. The microtubule protrusions in cells acti-
vated by FceRI aggregation were most prominent ~5 min after
crosslinking. In contrast, cells stimulated by pervanadate or thapsi-
gargin reached the maximum after 15 and 20 min, respectively.
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FIGURE 2. Changes in the spatial distibution of microtubules in resting
and activated BMMCs. Resting cells (4, B; —Ag), cells activated by FeeRI
apprepation (O, D, +Ag), pervanadate (F, F; 4Pv), or thapsipargin (G, H,
+Tg) were fixed and stained for B-tubulin. The preparations were imaged by
laser scarming confocal microscopy. The stacks of confocal sections were
deconvoluted and subjected to three-dimensional reconstruction. Resulting
three-dimensional images viewed from top of the cells (A, C, E, &) and from
the plane perpendicular to the plane of cell adhesion (B, 2, F, K. Each pair
(A-B, C-D, E-F, and G-H) represents the same cells. Scale bars, 5 pm.

Dose response curves demonstrating the relations between the for-
mation of microtubule protrusions and the degree of degranu-
lation, quantified as the release of B-glucuronidase, in BMMCL
activated by FeeRI aggregation for 5 min and by thapsigargin
for 20 min are shown in Supplemental Fig. 1A and 1B, respec-
tively. There were dose response correlations between formation
of microtubule protrusions and degranulation. Correlations be-
tween the time course of microtubule protrusion formation and the
degree of degranulation after activation by FeeRI aggregation at
Ag concentration 100 ng/ml and by thapsigargin at concentration
2 pM are shown in Supplemental Fig. 1C and 1D, respectively.
Although there was a correlation between morphologic changes
and degranulation in case of thapsigargin activation, cells acti-
vated by Ag reached the maximum of microtubule protrusions at 5
min, whereas the increase in B-glucuronidase release persisted to
10 min. Activation by either pervanadate or thapsigargin had no
effect on viability of the cells (not shown). When the cells were
pretreated with microtubule inhibitor nocodazole and activated in
its presence, protrusions were not formed (not shown). This im-
plics that microtubules are essential in this process.

Formation of microtubule protrusions in FeeRl-activated cells
was substantially reduced if a monovalent hapten causing receptor
disengagement (30 pM DNP-lysine) (37) was added together with
or | min after Ag (not shown). Inhibition of protrusion formations
was also observed in IgE-sensitized cells pretreated for 60 min
with Src family inhibitor PP2 (10 pM) and then activated by Ag.
Pretreatment with PP3 (negative control for PP2) failed to affect
protrusion formation (not shown). This finding suggests that the
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activi

y of Src family protein tyrosine kinases is essential for this
process. Interestingly, when the cells were activated by FeeRI
aggregation, pervanadate, or thapsigargin in Ca®" free media,
microtubule protrusions were basically not detectable. A typical
example of the effect of extracellular Ca®" on generation of mi-
crotubule protrusions in cells after their activation by FeeRl ag-
gregation is shown in Fig. 34. Statistical evaluation of these and
other experiments is documented by histogram (Fig. 3B). Col-
lectively, these data suggest that dramatic changes in microtubule
arrangement during activation of BMMCs by FeeRI aggregation
depend on the activity of Src family kinases and are modulated
by Ca”" influx.

Changes of microtubule dynamics in activated cells

Microtubule plus-end dynamics in BMMCL cells expressing
EB1-GFP was monitored by means of time-lapse imaging using
TIRF microscopy (TIRFM). Cells were activated or not by thap-
sigargin, and the distribution of growing microtubules in cell pe
riphery was evaluated after collecting 180 frames in 1-s intervals
for 3 min total time. In activated cells, time-lapse imaging started
13 min after thapsigargin addition. Data from a typical experiment
are shown in Fig. 44, A comparison of single-frame or 20-frame
projections obtained either from control (Fig. 44, a, & -Tg) or
thapsigargin-activated (Fig 4A, ¢, d; + Tg) cell indicated more
growing microtubules in cell periphery of the latter. This finding
was confirmed by statistical data evaluation and documented with
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FIGURE 3. Effect of extracellular Ca®* on generation of microtubule
protrusions. A, BMMCL cells activated by FeeRl aggregation in the
presence (a, b; +Ca’*) or absence (¢, d; -Ca™") of extracellular Ca™ (1.8
mM) were fixed and stained for B-tubulin. Scale bars, 20 pm () and 10
pmn (d), Comparable magnifications are in (@, ¢) and in (b, J). B, Statstical
analysis of the frequency of microtubule protrusions in BMMCL cells.
Cells activated by FceRI aggregation (+Ag), pervanadate (+Pv), or thap-
sipargin (+Tg) in the presence (+Ca’) or absence (—Ca”™) of extracellular
Ca”™. Three independent experiments were performed, each involving 500
cells, and examined for the presence of microtubule protrusions. Values
indicate means = SD, n = 3; ¥*¥%p <7 0.001.

< wog paprousoc]

g
=N
5
]
]
g
[=]
o
g
g
Q
=
>
g
s
e

z

€102

54



STIM1-directed reorganization of microtubules in activated mast cells - PUBLICATION 2

918

A Single frame

20 frames projection

m

60 -
=

= T
£ ]
o 404 W +Tg
é e

S

2

& 204

=

3

0 5 1 16 21 27 32 I
Growth rate (um/min)

FIGURE 4. Activation of mast cells increases the number of growing
microtubules in cell periphery as determined by TIRFM time-lapse im-
aging. A, Time-lapse imaging of resting {a, &) and thapsigargin-activated
(¢, d) BMMCL cells expressing EB1-GFE: Still images of EB1 (4, ¢) and
tracks of EB1 comets over 20 s created by maximum intensity projection
of the 20 consecutive frames (b, d). Scale bar, 5 wm. B, Histogram of
microtubule prowth rates in cell periphery of resting (—=Tg) and thapsi-
pargin-activated (+Tg) cells. A total of 15 different cells were tracked in
five independent experiments. Values indicate mean + SE, n = 15; *¥p <
0.01; ***p < 0,001,

a histogram of the microtubule growth rates (Fig. 48). Typical
time-lapse imaging of control (Supplemental Video 1) and acti-
vated (Supplemental Video 2} cells are shown in the supplemental
material. These data suggest that activation increases the number
of growing microtubules in the cell periphery where microtubule
protrusions are formed. More growing microtubules at cell periph
ery, compared with nonactivated cells, were also observed afier
activation of cells by FceRI aggregation {Supplemental Fig. 2).

Reduced degranulation, Ca’™ influx, and free cytoplasmic Ca’™
concentration in cells with reduced level of STIM1

STIMI represents the key regulator in the SOCE pathway leading
to an influx of extracellular Ca®*. To discover whether STIMI is
involved in the generation of microtubule protrusion, we first iso-
lated cells with reduced levels of STIM1 and characterized their
properties. STIM1-deficient cells were produced in both BMMCs
and BMMCL cells using lentiviral vectors. At the best silencing,
the amount of STIM1 in BMMCs and BMMCL cells reached 20 *
12% and 10 + 9% (means * SD; n = 5-8), respectively, when
compared with the expression level in control cells with an empty
pLKO.I vector. A typical immunoblotting experiment is shown in
Fig. 54, and evaluation of all data obtained is shown in Fig. 5B.
Cells with the highest STIM | reduction (denoted KD?2) were se-
lected for further experiments. As detected by flow cytometry, the

STIMI-DIRECTED REORGANIZATION OF MICROTUBULES
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FIGURE 5. Characterization of mast cells with reduced level of STIM1.
A, Immunoblots of whaole cell lysates from BMMCs or BMMCL cells probed
with anti-5TIMI1 and anti-actin (loading control) Abs, Control cells infected
with empty pLKO.1 vector (Con), noninfected wild-type cells (W), cells
selected after KD of STIMI by shRNAL (KDI1), or shRNA2 (KD2).
Numbers under the blots indicate relative amounts of STIM 1 normalized to
control cells (Con) and to the amount of actin in individual samples (Fold).
B, Comparison of STIM1 expression levels in control and S5TIM1 KD
BMMCs or BMMCL cells, Values indicate means = SD from independent
experiments (# = 6 for controls; n = 3 for KD1; s = 5 for KD2).

expression levels of surface FeeRI were similar in cells with nor-
mal and reduced amount of STIM1 (not shown). No substantial
changes in the profile of total tyrosine-phosphorylated proteins
were detected in STIM1 KD2 cells {not shown).

Tt is well established that an increase in [Ca®']; is a prerequisite
for mast cell degranulation (1). To confirm the functional rele-
vance of STIM1 KD, we determined the degree of degranulation
by measuring the release of B-glucuronidase in cells activated by
FeeR1 aggregation or by thapsigargin. As expected, a substantial
decrease in degranulation was observed in BMMCs with STIM1
KD compared with control cells, The inhibition of degranulation
was observed in cells activated by both FeeRI aggregation (Sup-
plemental Fig. 34) and by thapsigargin {Supplemental Fig. 38).
The uptake of 3Ca™ after activation by FeeRI agaregation
(Supplemental Fig. 3C) or by thapsigargin (Supplemental Fig. 3D)
was also inhibited in STIM1 KD cells. Finally, a substantially
lower concentration of free intracellular calcium [Ca’); was de-
tected in STIMI KD cells, after activation by both FeeRT aggre
gation (Supplemental Fig. 3E) and thapsigargin (Supplemental
Fig. 3#; thapsigargin). Similar results were obtained with BMMCL
cells {not shown). Collectively, these data clearly demonstrate that
STIMI is essential for Ca®" mobilization and degranulation in
cells used in this study.

Generation of microtubule protrusions is dependent on STIMT

When BMMCs carrying empty pLKO.1 vector were activated
with thapsigargin, the formation of microtubule protrusions was pro-
minent (Fig. 64, a, ¢; control + Tg) and essentially the same as in
BMMCs without vector {not shown). Alternatively, thapsigargin-
induced activation in BMMCs with STIML KD failed to generate
microtubule protrusions, and the cell shape was spherical (Fig. 64,
b, d; STIM1 KD + Tg). Significant inhibition of protrusion for-
mations in STIM1 KD cells was also found after stimulation with
pervanadate or Ag in both BMMCs and BMMCL cells (Fig. 6B8).
No obvious change in microtubule dynamics was detected by
time-lapse imaging in BMMCL cells with STIM1 KD after acti-
vation by thapsigargin. Data from a typical experiment of time-
lapse imaging are shown in Fig. 7A. Comparison of still images
(single frame or 20 frames projections) from nonactivated (Fig.
TA. a, b; STIM1 KD — Tg) or activated (Fig 7A, ¢, d; STIM1 KD +
Tg) cells disproved the notion that more microtubules grow in the
cell periphery of activated cells. This finding was confirmed by the
histogram comparing microtubule growth rates (Fig 7B8). Although
thapsigargin-activated cells exhibited some increase in the number
of growing microtubules in the cell periphery, it was insignificant
except for the fast-growing group (27 pm/min). In control
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A Control + Tg STIM1 KD + Tg

B M Control
LLL] STIM1 KD

Cells with protrusions (%)
2

+hg  +Pv | +Tg shg  +Py | +Tg
BMMCs BMMCL cells

FIGURE 6. Decreased expression of STIM1 inhibits the generation of
microtubule protrusions in activated cells. A, Control BMMCs, carrying
empty pLEKO.] vector (e, ¢) or STIM1 KD2 cells (b, d) were activated by
thapsigargin, fixed, and stained for f-tubulin. Scale bars, 200 pm (g, &) and
10 pm (¢, d). B, Statistical analysis of the frequency of microtubule pro-
trusions in control cells {carrying empty pLKO.1 vector) and STIM1 KD2
cells activated by FeeRl aggregation (+Ag), pervanadate (+Pv), or thap-
sipargin (+Tg). Three independent experiments were performed, each in-
valving 500 BMMCs or BMMCL cells, and examined for the presence of
microtubule protrusions. Values indicate means * SD, n = 3; **p < 0.01;
“vp = 0.001.

BMMCL cells carrying emply pLKO.1 vector, the distribution
of growing microtubules in resting and thapsigargin-treated cells
was similar ag in BMMCL cells (Fig. 4).

To strengthen the evidence of STIMI-dependent formation of
microtubule protrusions during activation, a rescue experiment
was performed with construct-encoding mCherry-tagged human
STIMI. Proper localization of mCherry-hSTIM1 was demon-
strated in cells expressing EB1-GFP. It has been shown previously
that STIM1 associates with the plus ends of growing microtubules
(11); in addition, the mCherry-hSTIMI localized in quiescent
cells both in the ER and in the growing ends of microtubules la-
beled with EBI (Fig. 84, a—c). When BMMCL cells with STIM1
KD were nucleofected with mCherry-hSTIM1 and activated by
thapsigargin, the formation of typical microtubule protrusions was
recovered (Fig. 8B, a—). Alternatively, no protrusions were gen-
erated after activation of cells nucleofected with empty mCherry
vector (Fig. 88, d—f). Control experiments revealed that no mi-
crotubule protrusions were evident in nonactivated BMMCL cells
nucleofected either with mCherry-hSTIM1 or mCherry vector alone
(not shown). The formation of microtubule protrusions was also
recovered when YFP-hSTIMI was used in rescue experiments as
documented by quantitative data (Fig. 8C). Nucleofection of YFP-
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A Single frame

20 frames projection

+Tg STIM1 KD

STIM1 KD

STIM1 KD

40 W sTiM1 KD + Tg

#Tracks/ 100 pm?/ min

0 5 M 1w 2 2r @ I
Growth rate (pm/min)

FIGURE 7. KD of STIM] prevents changes in microtubule dynamics in
activated cells as determined by TIRFM time-lapse imaging, STIM1 KD2
cells were nucleofected with EB1-GFP and used for time-lapse imaging. A,
Resting {a, b) and thapsipargin-activated (¢, &) STIM1 KD2 cells. Still
images of EB1 {4, ¢) and tracks of EB1 comets over 20 s created by
a maximum intensity projection of 20 consecutive frames (&, d). Scale bar,
5 pm. B, Histogram of microtubule prowth rates in the cell periphery of
resting (STIM1 KID) and thapsipargin-activated (STIM1 KD +Tg) cells. A
total of pine different cells were tracked in three independent expenments.
Values indicate means * SE, n =9, *p < 0L05.

hSTIMI into STIML KD2 cells also restored calcium mobilization
upon triggering with thapsigargin (Fig. 8D) or aggregation of the
FeeRl (not shown). Collectively, these data strongly suggest that
STIMI is cssential for the gencration of microtubule protrusions
during activation of BMMCs.

Microtubules ave not essential for STIMI puncta formation

To address the question of whether microtubules in BMMCs have
a role in activating SOCE, we investigated the effect of noco-
dazole, a microtubule-depolymerizing drug, on the distribution of
STIMI in the absence or presence of thapsigargin. In control cells,
atypical comet-like movement was observed in quiescent BMMCs
expressing YFP-hSTIMI (Supplemental Video 3). After activation
by thapsigargin, STIM1 formed puncta (Supplemental Video 4)
similar to those previously described in other cells (3, 15). The
addition of 10 M nocodazole led to the rapid disappearance
of comet-like movement of YFP-hSTIM1 as well as EB3-mRFP1,
used as marker of growing microtubules. YFP-hSTIMI was lo-
cated only on the ER. When the nocodazole-treated cells were
then activated with thapsigargin, YFP- hSTIM1 formed robust
puncta (Supplemental Video 35). Staining of parallel samples for
tubulin confirmed that most microtubules were disassembled (not
shown). This finding suggests that initial STIM aggregation does
not require intact microtubules. Interestingly, the disruption of
microtubules only moderately inhibited the **Ca’* uptake in
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FIGURE 8. Phenotype rescue of STIMI KD2 BMMCL cells after in-
troduction of human STIMI. A, Localization of mCherry-tagged human
STIMI during TIRFM time-lapse imaging of resting cells expressing EB1-
GFP. Still images of mCherry-hSTIM1 (&) EB 1-GFP (b) and superposition of
images (c: mCherry, red; GFP, green). Arrows indicate the same positions.
Scale bar, 10 pm. B, STIMI KD2 cells were nucleofected with mCherry-
hSTIMI (a—c) or mCherry vector alone (d-f; control) and activated by thap-
sigargin. Microtubules in fixed cells stained with anti-ae-tubulin Ab (a. d).
Fluorescence of nucleofected mCherry vectors (b, ¢). Superposition of images
(c, f: wbulin, green; mCherry, red). The preparations were imaged by fluo-
rescence microscopy; a—c and d—f represent the same cells. Scale bar, 10 pm.
C, Statistical analysis of the frequency of microtubule protrusions in thapsi-
gargin-activated control cells (1), STIM1 KD2 cells (2), STIMI KD2 cells
nucleofected with pYFP-hSTIM1 (3) and STIM1 KD2 cells nucleofected with
pYFP empty vector (4). Three independent experiments were performed,
each involving 500 (1, 2) or 100 (3, 4) cells examined for the presence of mi-
crotubule protrusions. Values indicate means = SD, n = 3; ***p << 0.001. D,
Changes in intracellular Ca>* mobilization. KD2 cells were nucleofected with
pYFP-hSTIMI (green line) or with pYFP empty vector (red line). Non-
transfected cells (pink line), cells transfected with pLKO.1 (blue line) and
STIM1 KD2 cells (black line) served as controls. The arrow indicates activa-
tion by 2 pM thapsigargin. The extent of activation is expressed as a ratio of
Fura Red fluorescence intensity induced with 406- and 488-nm lasers. Rep-
resentative curves are plotted against time. The line below the asterisks indi-
cates the time interval of significant differences between STIM1 KD2 cell
transfected with pYFP-hSTIM1 or with pYEFP empty vector; *#p <<0.01:n=3.

thapsigargin-activated cells (Fig. 94), but degranulation was sub-
stantially reduced (Fig. 9B).

STIMI associates with microtubule protrusions and plays
a role in chemotactic response

The movement of YFP-hSTIMI, not associated with growing tips
of microtubules, was observable at later stages of activation when
microtubule protrusions started to form. Association of YFP-
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FIGURE 9. Effect of microtubule depolymerization on Gast uptake and
degranulation. A, Effect of nocodazole on Ca®* uptake. BMMCs were treated
or not with nocodazole (10 uM) for 30 min and then exposed to thapsigargin
(2 pM; Tg) or BSS-BSA alone (Control) for 15 min in the presence of ex-
tracellular ¥ Ca* (1 mM) and nocodazole (10 wM). B, Effect of nocodazole
on degranulation. BMMCs were treated with nocodazole and exposed to
thapsigargin asin A, and the release of B-glucuronidase was determined. Data
in A and B represent means = SD, n = 6-8; *p << 0.05; **p < 0.01.

hSTIMI with microtubule protrusions was evident in thapsigargin-
activated BMMCs and was detectable by confocal microscopy on
cells stained for B-tubulin (Fig. 104, a—c). Similarly, FceRI aggre-
gation led to partial association of YFP-hSTIM1 with microtubule
protrusions (not shown).

The observed formation of STIMI-dependent microtubule pro-
trusions could be related to enhanced movement of the activated
cells. Therefore, in additional experiments, we investigated the
chemotactic response of STIMI-deficient BMMCs. The data pre-
sented in Fig. 10B indicate that at low concentrations of Ag (25-100
ng/ml), the chemotactic response is contingent on STIM1 in a dose-
dependent manner. At a higher concentration (250 ng/ml), the
difference disappears mainly because of the high-dose-mediated
inhibition of chemotaxis in control cells. This finding demonstrates
that STIM1-dependent Ca”* influx promotes chemotaxis.

Discussion

FceRI stimulation of mast cells leads to rapid cytoskeleton rear-
rangement that is important for cell activation and degranulation.
Accumulating recent data point to an important role of micro-
tubules in these processes (38). Previous studies focused primarily
on the role of microtubules in granular transport (13, 16, 17, 20) or
on the initial stages of SOCE signaling pathway (13, 15, 39). In
this study, we show that microtubule network rearrangement in
activated BMMCs and formation of microtubule protrusions is
dependent on the activity of Ca®* sensor STIMI. This conclusion
is supported by several lines of evidence. First, microtubule pro-
trusions were found in cells stimulated by three types of activators
that induced depletion of Ca®* from internal stores (FceRI ag-
gregation, pervanadate, or thapsigargin treatment). Second, the
generation of protrusions was impaired when multivalent Ag-
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FIGURE 10. STIMI associates with microtubule protrusions in acivated
cells and is essential for chemotactic response. A, Laser scanning confocal
microscopy of BMMCL cells expressing YFP-hSTIM1 after activaion by
thapsigargin, Cells were fixed and immunostained for B-tubulin, and both
STIM1 (&) and tubulin (#) were visualized in a single confocal section.
Superposition of STIM1 and tubulin stining is shown in ¢. Association of
YFP-hSTIM1 with microtubule protrusions is depicted (arrows). Scale har,
5 pm. B, Chemotactic response in activated cells. Various concentrations
of DNP-BSA (chemoattractant) were added to the lower wells of ChemoTx
system plate, and IgE-sensitized BMMCs infected with empty pLKO.1
vector (Control) or STIM1 KD2 cells (KD2) were added on top of the
membrane above each well. The numbers of cells migrated to the lower well
were determined as described in Materialy and Methods, Values indicate
mean = 5D, n = 12; *p < 0035, **p < 0.01; ***p < 0.001.

induced FeeRI aggregation and signaling were inhibited either by
monovalent hapten or by Sre family specific inhibitor; this implies
that early, physiologically relevant signaling events leading to
STIMI aggregation are important for microtubule rearrangement.
Third, the formation of protrusions was also inhibited in cells with
a decreased level of STIMI and with correspondingly diminished
influx of extracellular Ca”. Fourth, microtubule protrusions were
restored in STIML KD cells after the introduction of hSTIMI.
Finally, microtubule protrusions were not observed in cells acti-
vated in Ca’* free media. Thus, STIMI-regulated Ca®* influx
plays a crucial role in the generation of microtubule protrusions.

We have shown previously that, compared with resting cells,
FeeRI- or pervanadate-induced activation of BMMCs attached to
poly-L-lysine-coated coverslips resulted in more intense staining
of microtubules. However, no obvious microtubule protrusions
were detected (21). Similarly, activation and fixation of BMMCs
in suspension followed by attachment to glass slides by cytospin
intensified the tubulin immunostaining, but microtubule pro-
trusions were not reported (17). In this study, the cells were at-
tached to fibronectin before activation, resembling more closely
the natural conditions in connective tissue where mast cells are
congregated (40). Although the attachment of BMMCs to fibro-
nectin alone did not generate microtubule protrusions, they were
observable after cell triggering. It is known that engagement of
integrins by their ligands activates some signaling pathways that
modulate signals originating from other receptors (41). It has been
reported that, when mast cells were activated simultaneously via
both FceRI and integrins, phosphorylation events were prolonged
and intensified (42). Thus, generation of microtubule protrusions
could reflect such integrated signals in activated cells.

To discover whether the generation of microtubule protrusions is
limited to BMMCs, several other cell types were tested. However,
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thapsigargin treatment failed to induce formation of protrusions
in any other cell type examined, including mouse embryonal fibro-
blasts 3T3, human osteosarcoma cell line U208 or human glio
blastoma TY8G (2. Hijkovd, unpublished data). By contrast, in
BMMCL cells, which are grown for many years in the absence of
SCF, the formation of protrusions was observed after triggering
with cell activators (Ag, pervanadate, thapsigargin). The reduction
of STIMI expression both in BMMCs and BMMCL cells had
a detrimental impact on the formation of microtubule protrusions.
This finding indicates that protrusion formation could he a typical
feature of mast cells that are characterized by immediate response
to outer stimuli. However, we cannot rule out at present that the
generation of microtubule protrusions can also be observable in
the viher cell types.

Colocalization of ER-embedded STIM1 with microtubules has
been described for several cell types, including rat basophilic leu
kemia RBL-2H3 (. 9. 15.43), and comet-like movement of STIM 1
was also reported (11). Furthermore, STIML contains a short se-
quence (SxIP) responsible for direct binding to EBL (44). Thus,
STIMI can associate with growing microtubules, a mechanism that
might facilitate the transport of STIM1 to plasma membrane. Using
TIRFM we have confirmed the comet-like movement of STIM1
and its association with EB1 in resting BMMCL cells. This move
ment was substantially reduced afier the addition of thapsigargin,
which is in agreement with the impaired association of STIM1 with
microtubules in Ag-activated RBL-2H3 cells {43). Recent data on
FRET imaging of EB1 and STIM1 in HEK293 cells showed that,
upon store depletion of Ca®, STIMI dissociated from EB1 and
associated with SERCA. This process was reversible, because
the replenishment of intracellular Ca®* stores also restored the
STIMI-EBI interactions (43). Moreover, no effect on SOCE was
observed in HeLa cells with depleted EB1 (11). Taking these find-
ings together, it is likely that the interaction of STIMI with EB1
on growing microtubules is not essential for the transport of
STIMI to plasma membrane during mast cell activation.

After depletion of intracellular Ca®" stores, STIMI accumulates
into puncta, discrete subregions of ER located in a close proxi-
mity (10-25 nm) to the plasma membrane (46). STIM1 puncta arc
formed several seconds before the opening of calcium channels
{47), and one could expect that microtubules are involved in this
process. However, our data demonstrate that although microtubule
disruption by nocodazole abolished the comet-like movement of
STIMI, it had no cffect on puncta formation in activated cells.
This finding is in line with our observation that the uptake of
extracellular Ca’™ was only partially inhibited in nocodazole-pre-
treated and thapsigargin-activated BMMCs. This suggests that
STIMI aggregation beneath the plasma membrane and subsequent
opening of Ca® release-activated Ca®' channels does not require
intact microtubules in activated mast cells. Previous studies often
reported discordant effects of nocodazole treatment on SOCE or
Icrac. the current most frequently associated with SOCE, in var-
ious cell types. Whereas there was no effect of nocodazole treat-
ment observed in NIH 3T3 (48), RBL-1 (15, 39), and DT40 cells
(8), an inhibitory effect was demonstrated for other cell types,
such as RBL-2H3 cells, BMMCs (13), and HEK 293 (15). It ap-
pears that different factors, including cell type, treatment proto-
col and the way of Ca’" depletion might modify the results of the
experiments. It is also possible that microtubules play a supporting
role in SOCE signaling by optimizing the location of ER con-
taining STIM1 before cell activation (15).

Nocodazole treatment, in contrast, effectively suppressed
degranulation in BMMCs, suggesting that microtubules have a
key role in the intracellular transport of granules. This finding
is in accordance with previously published data demonstrating
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microtubule-dependent movement of secretory vesicles during
exocytotic response (16, 17, 20) and studies documenting
a dramatic decrease in degranulation, but not in Ca”* response in
nocodazole treated cells (49). Our observation that STIMIL
puncta are associated with microtubules in protrusions (Fig.
10A) indicates that microtubules might be important for trans-
location of clustered STIMI as well. This process could possibly
be dependent on the movement of ER components to protrusions
via microtubule motor proteins; an important role of kinesin and
dynein in the distribution of ER has already been reported (14).

Compared with quiescent cells or cells with decreased expres-
sion of STIMI, the number of growing microtubules at the pe-
riphery of activated BMMCL cells is substantially increased. This
finding snggests the stahilization of microtnbule plus ends. It is
known that an important role in stabilization of growing micro-
tubules is 1o be assigned 1o the plus end-tracking proteins whose
interactions with microtubules are regulated by phosphorylation
(10). Ca’*-dependent kinases (e.g., conventional protein kinases
C, calcium-calmodulin-dependent kinases) or phosphatases (e.g.,
PP2B) might participate in the regulation of microtubule stability
in activated BMMCs. It has been reported that calcium-dependent
activation of Rac {(from the RhoA family of small GTPases)
depends on the activity of conventional protein kinase C (30
FeeRI stimulation induced in BMMCs the activation of RhoA
(17), which participates in the stabilization of microtubule plus
ends through its target mDia (51). It remains to be determined
whether stimulated kinases, small GTPases, or both have a stabi
lizing role in thapsigargin-treated BMMCs.

Nishida et al. {17) reported that FeeR1 stimulation of BMMCs
triggered the formation of microtubules and the translocation of
granules in a manner independent of Ca™. Allemnatively, our
results demonstrate Ca”*-dependent formation of microtubule
protrusions. This discrepancy could be explained by differences in
cell activation (the absence or presence of integrin engagement)
and unlike methods of preparation of samples for microscopic
evaluation, as discussed above. However, it is also possible that
the initial stages of microtubule formation and transport of gran-
ules along microtubules are independent of Ca®, but later stages
of activation and formation of microtubule protrusions depend on
sustained influx of Ca®™. The presence of aggregated STIMI in
protrusion could help to organize Ca’™ release-activated Ca®™
channels (46) and open locally these channels to cause SOCE.
These interactions could be modulated by Ca® channel regulators,
such as calmodulin (32) and the recently discovered CRACR2A
(53). Our finding that STIM [-deficient BMMCs exhibited de-
fective chemotaxis toward Ag is in line with these inlerpretations,
and it supports previous data on the role of Ca”™ in chemotaxis
(54, 55). We propose that microtubule protrusions might be in-
volved in sensing external chemotactic gradients of Ag or other
signals reaching mast cells at inflammatory sites.

In conclusion, our data indicate that the activation of mast cells
leads to microtubule rearrangements and formation of microtubule
protrusions. This process is dependent on STIMI-induced SOCE
and enhanced levels of free cytoplasmic C'a®* concentration, which
have an important role in the regulation of microtubule dynamics,
degranulation, and chemotactic response. Interference with the
microtubular network via STIMI or other Ca®" regulators could
potentially open new rational approaches to the treatment of in-
flammatory and allergic diseases.
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Changes in red

Legends to supplemental material

FIGURE §1. Correlation between formation of microtubule protrusions and degranulation in
activated mast cells. Control or activated BMMCL cells were either fixed and stained for -
tubulin or used for determination of B-glucuronidase release. (A) IgE-sensitized (1 ng/ml)
cells activated with different concentrations of Ag for 5 min. (B) Cells activated with different
concentration of thapsigargin for 20 min. (C) IgE-sensitized cells activated with Ag (100
ng/ml) for various time intervals. (D) Cells activated with thapsigargin (2 pM) for various
time. Three independent experiments were performed, each involving 500 cells and examined
for the presence of microtubule protrusions. Values indicate means = SD (n=3). Data for -

glucuronidase release represent means + SD (n=3).

FIGURE 82. Activation of mast cells with Ag increases the number of growing microtubules
in cell periphery as determined by TIRFM time-lapse imaging. (A) Time-lapse imaging of

resting (a-b) and FeeRI aggregation-activated (c-d) BMMCL cells expressing EB1-GFP. Still

£107 “pr udy uo jsang Ag S0 oummmnl;dpg ueT papeoumo

images of EB1 (a, ¢) and tracks of EB1 comets over 20 sec created by maximum intensity
projection of the 20 consecutive frames (b, d). Scale bar, 5 um. (B) Histogram of microtubule
growth rates in cell periphery of resting (-Ag) and Ag-activaled (+Ag) cells. Total 10 different
cells were tracked in 3 independent experiments. Values indicate mean + SE, n=10 (*,

p=<0.05:%* p<0.01).

FIGURE $3. Degranulation and Ca®" responses in cells with reduced STIM1 levels. (A-B)

Changes in the degree of degranulation quantified as B-glucuronidase release. IgE-sensitized
1
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(1 pg/ml) cells infected with empty pLKO.1 vector (Control) or cells with reduced STIM1
after infection with shRNA2 (KD2) were activated with different concentrations of DNP-
albumin for 30 min (A) or thapsigargin for 20 min (B) and the release of B-glucuronidase was
determined. Data in (A) and (B) represent means + SD (n=3, both for controls and KD2). (C-
D) Changes in °Ca® uptake. IgE-sensitized (1 pg/ml) control cells (empty pLKO. Ivector) or
STIM1 KD2 cells were activated for various time intervals with 100 ng/ml DNP-albumin (C)
or 2 uM thapsigargin (D) in the presence of extracellular “Ca®" (1 mM). Data in (C) and (D)
represent means + SD (n=6, both for controls and KD2). (E-F) Changes in intracellular Ca®*
mobilization. IgE-sensitized (1 pg/ml) control cells (empty pLKO. 1vector) or STIM1 KD2
cells loaded with Fluo 3-AM were activated (arrows) by 100 ng/ml DNP-albumin (E) or 2 pM
thapsigargin (F). Data in (E) and (F) represent means + SD (n=3, both for controls and KD2).
(**¥* p=0.001; in E and F the line under asterisks indicate time interval of significant

differences).

Movie 81. Time-lapse imaging of EB1-GFP in quiescent cells. BMMCL cells were imaged,

with 0.5 s exposure time and 1 s interval between frames, for 3 min in TIRFM.

£107 ‘bz dy ue jseng Ag S0 foummmrn;dng ue papeoqumoc

Movie 82. Time-lapse imaging of EB1-GFP in thapsigargin activated cells. BMMCL cells
were imaged, with (.5s exposure time and 1 s interval between frames, for 3 min in TIRFM.

Imaging started 13 min afler addition of thapsigargin at final concentration 2 pM.

Movie $3. Time-lapse imaging of YFP-hSTIM1 in quiescent cells. BMMCL cells were

imaged, with 0.5s exposure time and 1 s interval between frames, for 3 min in TIRFM.
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Movie S4. Time-lapse imaging of YFP-hSTIM1 in the course of thapsigargin activation of
cells. BMMCL cells were imaged, with 0.5s exposure time and 1 s interval between frames,

for 3 min in TIRFM. Thapsigargin was added 30s after starting the movie.

Movie S5. Time-lapse imaging of YFP-hSTIM]1 and EB3-mRFP1 in the course of nocodazole
treatment of cells, folowed by thapsigargin activation. BMMCL cells were imaged, with
exposure time ranging from 0.5-0.8s and 2 s interval between frames, for 3 min in TIRFM.
Nocodazole and thapsigargin were added to the final concentration of 10 pM and 2 pM,

respectively. Elapsed time in minutes and seconds is depicied in the upper right.

£107 “pr udy uo jsang Ag S0 oummmnl;dpg ueT papeoumo
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Fig. S1
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Fig. S2
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Abstract

Background: Quantitative real-time PCR (gPCR) is becoming increasingly impaortant for DNA genotyping and gene
expression analysis, For continuous monitoring of the preduction of PCR amplicons DMNA-intercalating dyes are
widely used. Recently, we have introduced a new gPCR mix which showed improved amgplification of medium-size
genomic DNA fragments in the presence of DNA dye SYBR green | (SGI). In this study we tested whether the new
PCR mix is also suitable for ather DA dyes used for gPCR and whether it can be applied for amplification of DNA
fragrments which are difficult to amplify.

Results: We found that several DNA dyes (5GI, SYTO-9, SYTO-13, SYTO-82, EvaGreen, LCGreen or Resolight)
exhibited optimum gPCR perfarmance in buffers of different salt compaosition, Fidelity assays demonstrated that
the observed differences were not caused by changes in Tag DNA polymerase induced mutation frequencies in
PCR mixes of different salt compasition or containing different DNA dyes. In search for a PCR mix compatible with
all the DNA dyes, and suitable for efficient amplification of difficult-to-amplify DNA templates, such as those in
whole blood, of medium size and/or GC-rich, we found excellent performance of a PCR mix supplemented with 1
w1, 2-propanediol and 0.2 M trehalose (PT enhancer). These two additives together decreased DNA melting
temperature and efficiently neutralized PCR inhibitors present in blood samples. They also made possible more
efficient armplification of GCrich ternplates than betaine and other previously described additives. Furtherrmore,
amplification in the presence of PT enhancer increased the robustness and performance of routinely used gPCRs
with short amplicons.

Conclusions: The combined data indicate that PCR mixes supplemented with PT enhancer are suitable for DNA
amplification in the presence of various DA dyes and for a variety of templates which otherwise can be amplified
with difficulty.

Background

Advances in the methodology of gPCR contributed sig-
nificantly to a widespread use of this method for DNA
genotyping, gene expression analysis and mutational
:i(‘.anuing. SE‘.V(‘.TR] Cillrr(:‘.l'l*.]'li H}"Sli‘!ms I'I'd\"l*_ ])ee.n (1('!Vé?|()l?ﬂ(1
for continuous menitoring of the production of PCR
amplicans and characterization of their properties.
Widely used are sequence-specific probes which facili-
tate a highly sensitive detection of specific PCR pro-
ducts. However, these probes are difficult to prepare
and are relatively expensive [1]. An alternative to the
probe-based methods is the use of DNA-intercalating
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rigingl work is properly

dyes which at concentrations compatible with PCR-
mediated DNA amplification exhibit enhanced fluores-
cence after binding to double-stranded (ds)DNA. These
dyes are less expensive, but they are also less specific
because they bind to all dsDNAs present in PCR mix-
tures, including nonspecific products and primer-dimers.
Although some of these unwanted DNA species can be
distinguished by analysis of the melting curves of PCR
amplicons, their presence reduces the sensitivity of
qPCR and requires a proper adjustment of PCR condi-
tions. Biophysical studies showed that DNA dyes bind
to dsDNA by intercalation and external binding, and
that these interactions could interfere with PCR [2-4].
Furthermore, it has been shown that the dyes also react
with single-stranded (ss)DNA oligonucleotide primers
[2] and that this binding could inhibit annealing of the
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primers to the template during PCR [5]. This could
accourtt [or some difficulties in amplifying certain DNA
fragments, which are otherwise easily amplified in the
abscnce of the dyes.

In initial studies, real-time accumulation of PCR
amplicons was evaluated with ethidium bromide [6].
This dye was later substituted with SGI [7], which
quickly became the most-widely used DNA dye for
¢PCR manitoring. Recently, several other DNA dyes
have been introduced giving a strong fluorescence signal
with dsDNA at concentrations not inkibiting PCR.
These include YO-PRO-1 [8], BEBO [9], LCGreen {10],
SYT(-9 [4,11), FeaGreen [3], SYT(O-13, SYTO-82 [11]
and LightCycler 480 Resolight dye [12,13].

We have found that SGT inhibits amplification of med-
inm-size genomic DNA fragments and that this inhibi-
tory effect can be reduced by using a PCR mix, denoted
here as mix 1V, with modificd salt composition [5]. In
this studv, we compared qPCR performance of seven
DNA dyes {Table 1) in the mix IV and three other
widely used PCR mixes of different salt composition.
We found that amplification in the presence of SGI was
aptimal in mix TV, whereas all other dyes performed
better in a2 mix marked here as mix I Te find out con-
ditions which would allow efficient amplification of diffi-
cult-to-amplify DNA templates, such as those in whele
blood and/or GC-rich and compatible with various
DA dyes, we tested varions additives and their combi-
nations. Excellent performance was found when PCR
mix [ was supplemented with PT enhancer. Extensive
testing showed that PT enhancer-containing mix IT
could be used for efficient amplification of various DNA
templates known to resist amplification under various
reutinely used conditions. The data have implications
for a more rational design and routine use of ¢PCR
ASSAYS.

Table 1 DNA dyes, their origin and properties

Page 2 of 16
Tabie 2 PCR mixes used and their composition
PCR mixes*
Component™ | il il HY
THs-HCI rrbdt TaH])= HSREAe) Rty 1a[an
A 30 -
{150 i) - i 10
HINGH
<00 (B s - 20 0.
20 7 a0
1= 15 iS5
vl
25
72 B :

* Firal concertrations of ihe comparert during PCR

** Comporents prasent 4t the same concentrations i all mives irdude 200
A ANTPs, Tac DINA pol {25 UAml) and anti-Tag mab (22 nW
Oligonvucleotida primers, DNA templates. DNA dyes and acditives/arhancers
were added immedialely befure he assay.

w5 oH al 21°C

Results

PCR with difficult-to-amiplify templates

In our previous stody we showed that amplification of
the 864 base pairs (bp) genomic fragment of mouse
Thy- 1 can be achieved only in a PCR mix denoted here
as mix [V [5]. In this study, we first tested whether the
mix TV was also optimal for qPCR analysis with other
DNA dves. We compared amplification of Thy-1 geno-
mic DNA fragment in mix IV and in three other widely
sed PCR mixes combined with seven DNA dves. Prop-
erties of all DNA dyes and composition of all PCR
mixes used are shown in Table 1 and 2, respectively.
When 5GI was combined with PCR mix IV, amplifica-
tion was observed at all dilutions of the template DNA
with reasonable regression coefficient (R* = 0.996
0.003; mean + 50 n = 6) and efficiency (£ = 0.88 ¢

DNA dye Crigin Stock concentration Fimat concentration Absorption maximum Emission maximurn
Irwvittogen 0 cohVin JMS0F 057 ikt 457
InyiTrogon St i DE0 kA 485
livgit S in DG i 288
Iitroge s in TR P
Ficlum 127kt
Ida~o I
Foure Tx
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Figure 1 Amplification of genemic DNA fragments in varicus cembinations of PCR mixes and DNA dyes. lsolated genomic DNA was
diluted to contain 47 (1), 141 (2, 423 (3) 1265 (4) or none {Control; C) copies of Thy-1 gene per one pl of different PCR mixes (1 - V)
supplemented without (A) or with (B - H) vanous DNA-binding dyes. The samples were analyzed by PCR (A) or gPCR (B - H) followed by agarose
gel electrophoresis; DNA fragments were visualized by ethidium bromide staining. Migration of the specific DMA fragment (364 bp) is indicated
by an arrow (Fr. 1). Regression coefficients (8% and efficiencies (£ were ralculated from plots of Cg values versus Iog copy numbers, and are
presented only for samples with the expected melting termperature at all termplate dilutions. All samples were analyzed in 3 - 7 independent
experiments with similar results.

.

70



1,2-propanediol-trehalose mixture as a potent quantitative real-time PCR enhancer - PUBLICATION 3

Horakowd et al. BMC Biotechinology 2011, 1141
hitp:/fwean biomedcentral.com/1472-6750¢11,11

0.11). In all other mixes amplification of the fragment
was either absent (mix | and I} or poor (mix 11T}, These
duta were confirmed by agarose gel electrophoresis (Fig-
urc 1By Poor amplification in PCR mixes 1 - 1T was
obviously caused by the presence of 5GI, since Thy-1
was reproducibly amplified in its absence (Figure 14).
Changing the Mg”" concentration or optimizing the
annealing temperature failed to improve the reaction in
mixes I - {If. Tt should be noted that the amount of
Thy- 1 amplicons in mix [V was similar regardless of the
presence o absence of SGI {compare Figure 1A and
1B), indicating that the salt composition of PCR mixes
has a decisive role on the inhibitory effect of SGL

When the same fragment was amplified in SYTQ-9-
supplemented PCR mixes, a different profile was
obtained: strong amplification (R = 0997, F = 0.63) was
observed in mix I, but only week and variable amplifi-
cation, as detected by melting curve analysis and gel
elecirophoresis, was observed in mixes T, ITT and TV (Fig-
ure 1) Mix 1T was also eptimal for other DNA dyes
(SYT(3-13, SVTO-82, FEvaGreen, 1L.CGreen and Reso-
Light; Figure 1D - H). Interestingly, inhibition of PCRy
by ditferent dves varied in different mixes. In mix I, for
example, amplification of Thy-1 DNA fragment was
only ebserved at high concentrations of the template in
the following order: SYTO-82 » SYTO-9 = S5YT(-13. In
mix [H, some reactivity was observed with the following
dyes: SYTQ-82 > S5GI = SYTO-9 = SYTO-13. In mix IV,
Thy-1 amplification was seen in mixes supplemented
with SGI » LCGreen » SYTO-82 » Resolight » SYTQ-9
= SYT-15. In several combinations of PCR mixes and
DNA dves, complete inhibition of amplification was
noted: SGI in mixes | and II, EvaGreen in mixes [, U1
and IV and LCGreen and ResoLight in mixes I and TIL
This inhibition persisted even when concentration of
MgCl, was raised up to 5 mM (data not shown).

Page 4 of 16

Fidelity assays

The observed dilficulties with amplification of medium-
sive genomic DNA fragments in some PCR mixes might
in part refllect an enhanced mutagenesis interlering with
the synthesis of DINA [ragments [14]. Te find out
whether sall composition ol PCR mixes and the pre-
sence of DNA dyes conld affect the fidelity of PCRs, we
used an assay system based on streptomycin resistance
of resL mutants [15]. Data presented in Table 3 show
that in mix T the error rate was 3.88 x 107, A simikar
errvor rale was observed in mix 11 and sn approximately
two-fold increase in mix i and IV, To prove the sensi-
tivity of the fidelity assay, we also amplified the template
using KOD polymerase in a reaction mix of undisclosed
composition provided by the manufacturer of the
enzyme. As expected, amplification with KOD polymer-
ase resulted in substantially lower crror rate (7.6 x 1075,
which is in agrecment with the manufacturer’s data.
When PCR mix i1 was supplemented with SYTO-9,
SYTO-13, EvaGreen. LCGreen or Resolight, no dra-
matic changes in mutation frequencies were observed
(Table 3}. These findings indicate that different muta-
tion frequencies in different PCR mixes cannot by them-
selves explain the observed changes in amplification
efficiency caused by various DNA dyes.

News universal PCR master mix

It an attempt to develop a universal PCR master mix
campatible with all the DNA dyes and suitable for
amplification of DNA templates that cannot be readily
amplified due to dye interference, presence of inhibitory
substances and/or secondary structure formation, we
tested several additives combined with mixes T - TV and
varions DNA dyes. As a template we used GC-rich
DNA fragment of Q8NIR6 gene {Table 4; 806 bp, 73.3%
GC) in human heparinized blood which escaped

Table 3 Effect of the tested PCR mixes and seiected DNA dyes on DNA polymerase fidelity

Sample LColonies mutant/total Template doubling® Muotation frequen:ykY Error rate {x 107"
Tog i 5T 12.5 00el z
Tozinm 334z 1659 Q060
irs e 2FR0S2V423 124 0428
g in [ Qils

inmx K9 (=N

{0 1o #

S
SYTO-73
EvaGraen

et
e

EAl

" Template doublings {d} were calculated using the equatior 27 = (amourt of PCR productf{amount of starting targes.

" Muiation ‘requency = ipwant colories/total colonies).

S Errey rate = (mutation requency)/{i30 X ol

T PCR mix provided by KO erzyrae rmarvfacturer
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Table 4 Gligonucieotide primer sets and PCR amplicon properties

No  Gene* Chromosome Amplicon Primer (53}
Name No. Position {Start-End})** %GC Fragment (bp)/name Forward/reverse
Pl Tyt ¢ 35-43854933 3 1 ST 8 AGRAL
Pz 3 308 38275
Pr.2 10 BEi3c5-514375 715
Pr.4 i 17 TaL g COTGACIGTCOTAGAC A TTGGCGA A LTI TGUGAGTTC
L3 hPOS0IG22 @ 4D T4O0S14017SE0L T4 7S&L
Fr. € Onkaxs HIR G e 7s%
Pr.7 i 33u6iok 73 35T GAACCGEACATIIASG TTOGTSAGGIGGS CT
Fr.2 QEhike 13 TIEEFEITI IR0 VIE RDESSL R GACACGEC T T AT GrEa T T GALGIGAGTTG
Pr. & H0 o AEBT23354357 1729 T ACTGAGI TG ST

* Homo_sapiens LATESTCE database was Lsed, excep: for Thy-1 and NTAL “or
** Primer sets Pr. 3 - Pr. 9. ave based or Ersembl releasa 56 - Sapt 2009

detection under standard conditions using vartous com-
mercial PCR master mixes such as iQ™ SYBR Green
Supermix and LightCycler 480 SYBR Green I Master
(LC 480 5GI). In pilot experiments varions mixes were
combined with several additives and/or procedures,
which have been repoited o allow amplification of GC-
rich fragments and/or neutralize PCR inbhibitory compo-
nents present in the blood {hemoglobin, lactoferrin and
immunoglobulin G [16,17]). These included 01 - 0.5 M
trehalose (final concentration) [18], 5 - 15% dimethyl
sulfoxide (DMSO) [19.20], 0.5 - 2.5 M N NN-trimethyl-
glveine monohydrate (betaine) [21,22], combinations of
5 - 15% DMSO and 2.2 M betaine [23], 5 - 25 mM tet-
rapropylammaoninm chloride {5], 0.5 - 1.5 M 1,2-propa-
nedicl, 0.5 - 1.5 M ethyleneglycol {24], 50 - 150 pM 7-
deara-2'-deoxyguanosine 5-triphosphate [25,26], PCR-
enhancing coctail containing 0.3 M B-(1)-trehalose, 0.24
M L-carnitine, and 0.4% Nonidet P-40 (TCN) {27] and
antibody-mediated het start PCR [5] combined with
“touchdown™ procedure [28,29]. Yetf, none of these addi-
tives and/or procedures improved PCR to get specific
signal determined hy agarose gel electrophoresis (data
not shown). Interestingly, specific amplicons were
observed in PCR mix Il supplemented with both 1 M
1,2-propanedicl and 0.2 M trehalose (mix 11-PT); higher
or lower concentrations of these two additives resulted
inn inhibition of production of the specific amplicons
and/or enhanced formation of nonspecific DNA frag-
ments (Figure 2).

which sus_musculus LATESTEP database was used.

Mix 1I-PT allowed efficient amplification of numercus
gene fragments in heparin-treated whole bloed, includ-
ing mouse Thy-1 and NTAL (data not shown) and, as
shown in Figure 3 (mix II-PT), GC-rich fragments of
the human genes NP_660313.1 (Table 4 71.5% GC, 731
bp), Q8WZS8 (71.7% GC, 781 bp)], NP_060193.2 (72.4%
GC, 758 bp), Q8NAXL (726% GC. 752 bpl,
NP_001035158.1 (73.1% GC, 735 bp), and Q8N1Rs
(73.3% GC, 806 bp). PT enhancer also allowed efficient
amplification of 392 bp DNA fragment with 79.1% GC
{Table 4: [26]) from whole blood which was resistant to
amplification under standard conditions (data not
shown). In its enhancing capacity mix 13- PT surpassed
the TON enhancer [27], which was capable of amplity-
ing only one of the six GC-rich templates tested (Figure
3, mix IT-TCON). Similar results were obtained when
blaod samples were treated with other commaonly used
anticoagulants, 2.7 mM FIDXTA or 0.38% sodium citrate

fdata not shown).

Next we tested qPCR performance of various DNA
dyes in mix H-PT during amplification of the GC-rich
fragment (72.6% GC, 752 hp) of Q8N4AX1 gene in whole
human blood. Pilot experiments indicated that different
dilutions of whole human blood in water, followed by
qPCR in mix II-PT with SGI resulted i poar regression
coeflicients. This was probably caused by simultaneous
dilution of the DNA teinplates and the inhibitory (e.g.
hemoglobin [17]) and/or stimulatory (e.g. heparin [30])
components present in the whole blood samples. How-
ever, when human bloed was diluted with meuse blood
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Trehalose (M): 0.1
0507509 1.0

015
0.5 075089 1.0

1, 2-propanediol (M):

result of three independently performed expenments is showr.

Figure 2 Amplification of medium-size GC-rich DNA fragment using whole blood as a source of the template. 800 bp fragment of
human QSN1RS gene (73.3% GO in hepannized human bBlood (2% final concentration} was amplified in PCR mix || containing vanous
concentrations of trehalose (0.1 - 0.3 M} and 1.2-propanedial (0.5 - 1.0 M} Position of the speafic product (Fr. 8} is shown by an armw, A typical

02 025 0.3
0507509 10 050750910 0507509 1.0

to keep the concentration of human/mouse blood in
PCR constant {2%), reasonable regression coefficients
(R = 0.986 + 0.006; mean + $.D; n = 4) and efficiencies
(E = 0.95 = 0.03) were obtained. Amplification of non-
specific fragments after 40 cycles of PCR was low, as
determined by agarose gel electrophoresis (Figure 4, top,
left). Under the same conditions other DNA dyes also
gave satistactory results in the following order {based on
regression coefficients): SGI > ResoLight = SYTO-9 >
LCGreen > SYTO-13 > EvaGreen (Figure 4). Thus, Mix
I-PT is unique in its capability to serve as universal
qPCR mix for all DNA dyes tested.

PCR mix II-PT could be used with advantage not only
for amplification of DNA fragments from crude blood
samples that are difficult to amplify, but also for routine
qPCR analysis of ¢cDNA fragments without time-con-
suming adjustment of gPCR conditions for individual
primer sets. Data presented in Figure 5A show that for
amplification of 138 bp fragment of actin ¢cDNA (58%
GC) mix II-PT supplemented with SGI gave comparable
regression coefficients and efficiencies as the routinely
used LC 480 SGI. Similar results were obtained when
GAPDH ¢DNA fragment was analyzed (Figure 5B; 52%
GC, 69 bp). However, when low abundant c¢cDNA

fragments were amplified, such as ORMDL1 Fr.a

Mix II-PT Mix II-TCN

e A

~ = ~

713

GC(%): 71.7 724 726 731 733 73.1 73.3

71.5 717 724 716

1.5-
1.2-
1.0-
0.8 -
0.6 -
05-

Primer set; ) 4 v} 6 7 8 3 4 5 [ 7 3

1 2 3 4 5 [§] 1 1 2 3 4 5 6

Figure 3 Amplification of various GC-rich genomic DNA fragments from whole human blood. PCR mix || was supnlemented with 1M 1,.2-
propanadial and 0.2 M trehalose (final concentrations; b II-PT) or 0.3 M trehalose, 0.24 M Lcamiting, and 0.4% Nomidet P-40 (Mix [1I-TCMN)
Various GC-neh templates from hepaninized whole human blood (~100 copies of the template/ul of PCR mixture) were amplified in the two PCR
mixas using pnmer sets specified in Table 4. Posttions of the specific fragments (731-806 bp in size} are indicated on the night (Fr. 3-8). Lane L,
DNA standard ladder with sizes indicated in kbp on the left. The numbers at the top indicate percentages of GCs in specific amplicons. A typical
expenment of at least four performed is shown.

\

Line: L
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SaI
A

SYTO-9

R?=0.986,£=0.95

SYTO-13
.

+ Fr. 6

R2=0.866, E=0.86

EvaGreen
>

R2=0818,E=0381

«Fré

R2=03810,E =034

LCGreen ResoLight
A A

15-

10- «Fr 6

05-

R?=0831, E=0.68 R2=0.985,E=0.76

Copies/pl: 0 4 11 33 100 0 4 11 33 100
Line: L 1 2 3 4 5 L 1 2 3 4 5

Figure 4 Amplification of GC-rich BNA fragment from whole blood in the presence of various DNA dyes. Hurman blood was diluted with
mouse blood to vield 0,4, 11, 33 and 100 copies of human Q8N4X1 gene per 1 pl of PCR reaction mix || supplemerted with PT enhancer and
various DNA dyes. Final concentration of hurman/mouse blood was 2% in all mixes, The samples were analyzed by qPCR followed by agarose
gel electrophoresis and staining with ethidium bromide. Position of the specifically amplified DNA fragmenit is indicated by an arrow (Fr. 6). Lane
L, DNA standard ladder with sizes indicated in kbp on the left. Regression coefficients (7%) and effidendies (£} were calculated from plots of Cq
wvalues versus log copy numbers. All sarmples were analyzed in 3-4 independent experiments with similar results.

(Figure 5C; 43% GC, 171 bp) or ORMDLI1_Fr.b (Figure
5D; 47% GC, 205 bp), detectable amplification at all
concentrations of template ¢DNA and reasonable
regression coefficients and efficiencies were obtained
only in mix [I-PT-supplemented samples. Interestingly,
addition of 1,2-prepanediol and/or trehalose at various
concentrations to LC 480 SGI containing chemically
modified Taq DNA polymerase did not improve perfor-
mance of this PCR mix, but instead had an inhibitory
effect (data not shown).

Fluorescence measurements and melting temperatures

In our previous study we showed that SGI bound to
ssDNA primers and suggested that the binding could
at least in part contribute to the inhibitory effect of
SGI in qPCR assays [5]. In further studies we evalu-
ated whether trehalose and/or 1,2-propanediol could
interfere with interaction of various DNA dyes with
ssDNA, as reflected by changes in fluorescence signal.

Data presented in Figure 6A indicate that interaction
of various DNA dyes (at concentrations used for
qPCR}) with ssDNA oligonucleotide primer for tumor
necrosis factor (TNF; 45.5% GC) induced fluorescence
in the following order: 8GI <« SYTO-13 < LCGreen <
SYTO-9 < EvaGreen < Resolight. Addition of 0.2 M
trehalose had little to no inhibitory effect on this
fluorescence. In contrast, 1,2-propanediol significantly
(P < 0.05; n = 3-5) decreased fluorescence in all DNA
dyes used, except for SGI. Combination of both 1,2-
propanediol and trehalose had a similar effect as 1,2-
propanediol alene. When ssDNA primer No. 7,
reverse (Table 4; 72.2% GC) was used, basal level of
fluorescence was increased in all DNA dye-enhancer
combinations and again trehalose had no significant
effect on fluorescence intensity. In contrast to treha-
lose, 1,2-propanediol significantly (P < 0.05; n = 4)
decreased fluorescence, except for SGI and ResoLight
(Figure 6B).
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with the expected melting remperature at all
experiments performed in triplicates.
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Figure 5 Enhanced perrorrnance of PCR mu( II- PT m rouune qPCR amplnf‘cauons cONA from mo

Mix II-PT
i

ek d FCR i I1-FT o LC 480

in kbp
it

In an attempt to understand the enhancing effect of
trehalase and 1,2-propanediol on qPCR performance, we
also evaluated the melting temperatures of short dsDNA
oligonucleotides. When dsDNA of TNF and anti- TNF
(45.5% GC) was used, the melting temperature
depended on DNA dye used (Figure 6C). The highest
melting temperature was observed in control mix II sup
plemented with EvaGreen, followed by SGI > ResoLight

> Syto-9 » LOGreen » Syto-13. Addition of 0.2 M treha
lose decreased the melting temperature by 0.7 - 1.5°C,
whereas addition of 1 M 1,2-propanediol decreased it by
4.9 - 5.9°C. When both trehalose and 1,2 propanediol
were used, further decrease by 1.1 - 1.5°C was ohserved.
Using dsDNA eoligonucleotide with 72.2% GC, melting
temperature was increased but a similar effect of treha
lose and 1,2-propanediol was observed {Figure 6D).

Cooperative effect of 1,2-propanediol and trehalose

The above data suggested that 1,2-propanediol and tre

halose have different roles in promoting DNA amplifica-
tion of GC-rich DNA fragments from crude blood
samples: trehalose mainly acts by neutralizing the

inhibitory components present in blood, whereas 1,2-
propanediol mainly acts hy decreasing melting tempera
ture. To prove this, we compared the effect of the
enhancers on amplification of GC-rich fragments from
whole blood or isolated DNA. As expected, efficient
amplification of DNA template in whole blood, occurred
only in samples supplemented with both 1,2-propanediol
and trehalose (Figure VA, line 3). In contrast, when iso-
lated GC-rich DNA fragment was used as a template,
comparable amplification was observed in samples sup-
plemented with 1,2-propanediol alone or together with
trehalose (Figure 7A, lines 6 and 7). Trehalose alone
was not able to promote amplification of the DNA tem-
plates (Figure VA, lines 1 and 5).

When PCR mix was supplemented with 5GI and iso-
lated DNA was amplified, a different picture was
observed. SGI partially inhibited amplification in 1,2-
propanediol-supplemented samples (Figure 7B, line 2).
This inhibition was caused by SGI as indicated by no
inhibition in samples containing vehicle (DMSO) instead
of SGI (Figure 7B, line 6). PCR mixes supplemented
with both 1,2-propanediol and trehalose exhibited an
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Figure & The effect of various DNA dyes and enhancers on ssDNA fluorescence and dsDNA meltlng temperature. (A) THF-1
cligonuckeotide (ssDNA, 455% GC; 1 uM final concentration) in PCR mix I| {without dNTPs, Tag DNA polymerase and anti-Tag) was mixed with
"/u [Contral; Co) or enhancers [02 M trehalose (T; final concentration), 1 M 1 2-propanadiol (F) or both 1 M 1,2-propanediol and 0.2 M trehaloss
(T and varicus DNA dyes at final concentrations as indicated in Table 1. After heating at 95°C for 2 min the samples were cooled to 50°C and
flucrescence was determined using Mastercycler ep realplex, (8] Oligonucleotide primer No 7, reverse {ssONA; 72 G 1 pM final
concentration) in PCR mix I| was combined with various additives and DNA dyes, and flucrescence at 50°% s determined as in A (C)
Cligonuclectide mixture of TNF-1 and anti-TMF-1 (dsDNA, 45.5% GC; 1 pM final concentration) was prepared in mix || supplemented with various
additives and DNA dyes. The sarmples were heated to 95°C for 2 min, then cooled 10 20°C and temperature-deper changes in fluorescence
were obtained during heating from 30 to 95°C (02°C increments) in Mastercycler ep realplex. Melting temperatures were determined from the
ing curves, {0) C tide misture of the primer No 7, re 2, and the anti-p o 7 {dsDMaA, % GC; final concentration 1 i) was
combined in mix || with additives and DMA dyes and analyzed as in C. Means + 50. were calculated from 2 - 5 measurements.

improved amplification in SGI-supplemented samples
(Figure 7B, line 3) indicating cooperative effect of the
enhancers in SGl-supplemented samples.

Next we tested the effect of trehalose and 1,2-propa-
nediol on amplification of isolated DNA in samples sup-
plemented with hemoglobin. Pilot experiments showed
that hemoglobin completely inhibited PCR at concentra-
tions 25 pM and higher (data not shown). Data in Fig-
ure 8A indicate that the inhibitory effect of hemoglobin
(37.5 pM) was removed by addition 1,2-propanediol and
tl'("l'ld](l'i(:‘ l(lb(“lhé‘l I)ll' not })\l’ tlé‘l'ldll)‘\(" or 1 -[)r(:pdn(-"
diol alone.

To understand the effect of the enhancers on amplifi-
cation in the presence of blood inhibitors, we analyzed
melting temperatures of dsDNA. We found that hemo-
globin at the inhibitory concentration (37.5 pM) signifi-
cantly decreased melting temperature of short dsDNA
frapments by 5.8 + 0.6°C (mean *+ S.D; n = 4). Addition
of trehalose, 1,2-propanediol or both enhancers to

hemoglobin-supplemented samples further decreased
Tm by 2.1 + 1.6°C, 4.4 + 0.6°C and 4.8 + 0.6°C, respec-
tively (Figure 8B). These data suggested direct or indir-
ect interaction of hemoglobin with DNA. The direct
interaction was however weak, if any, as indicated by
similar mobility in agarose gel of DNA fragments alone
and DNA fragments mixed with hemoglobin (37.5 pM;
data not shown).

Finally, we tested whether bload inhibitors could
interfere with enzymatic activity of Tagq DNA polymer-
ase as determined by incorporation of [e-*?P]dATP into
activated salmon testes DNA. Data presented in Figure
8C indicate that blood at the inhibitory concentration
(10%) significantly reduced activity of Taq DNA poly-
merase. Addition of trehalose significantly (P < 0.05)
decreased the enzymatic activity of Taq DNA polymer-
ase in control samples (- blood), but slightly increased
the activity in bleod-supplemented samples, leading te
statistically non-significant differences between the
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experiment of at least four performed are shown.

Figure 7 Cooperative effect of 1,2-propanediol and trehalose on amplification of difficult-to-amplify DNA templates. (4} DNA fragment
of the human gene NP_DD1035158.1 (Fr. 7; 735 bpy 73.1% GO was amplified from the whole blood (2% final} in PCR mix | supplemented with
0.2 M trehalose (T, final concentration), 1M 1,2-propanediol (PY or mixture of both (PT). Alternatively, PCR-amplified DNA (Fr. 7} was diluted in
H,0 and used & a Template for PCRs performed under varisus conditions 2 above PCR mixes supplemented with HyD instead of enhancers
tline 4 and 8 and & mix without enhancers and template (line 5} served as controls. After amplification the fragments were analyzed by agarose
gel electrophoresis and stained with ethidium bromide. (B} PCR amplified DRA (Fr. 7) was re-amplified and analyzed as in A, except that PCR mix
Iwas supplemented with SGI (left) or vehicle (GMSO} alone (right). After amplification the fragments were analyzed by agarose gel
electrophoresis and stained with ethidium bromide. Numbers 1o the left indicate migration of DNA ladder (L in kbp). Gels from a typical

-Fr 7

T P PT H,0 HO
5 6 7 8 9

control and blood-supplemented samples, 1,2-propane-
diol decreased enzymatic activity of Taq DNA polymer-
ase in both control and blood-supplemented samples;
the difference between these two groups was statistically
significant. Addition of trehalose to 1,2-propanediol-sup-
plemented control samples {PT) further significantly
decreased (P < 0.05) the activity of Taq polymerase. In
contrast, in blood-supplemented samples there was
small {insignificant) increase in activity of Taq DNA
polymerase in PT-containing samples compared to sam-
ples containing 1,2-propanediol alone. This led to non-
significant differences between control and blood-con-
taining samples with PT. These data indicate that treha-
lose has a different effect on activity of Taq polymerase
in control and blood containing samples. This could
explain at least in part the enhancing effect of trehalose
in samples containing blood inhibitors.

Discussion

The aim of this study was to develop new qPCR mixes
capable of amplifying difficult DNA templates, such as
those in whole blood, of medium size and/or GC-rich,
in the presence of various DNA dyes. First, we assessed
the properties of seven different DNA dyes in four
widely used PCR buffers differing in salt composition.

Qur data indicate that the performance of various DNA
dyes in qPCR is differently affected by salt composition
of the PCR mixes. When genomic DNA fragment of
mouse Thy-1 (864 bp) was amplified, SGI completely
inhibited PCR in most of the PCR mixes. The only PCR
mix which allowed efficient amplification of the Thy-1
fragment in the presence of SGI was mix IV, which dif-
fered from other mixes by the presence of both KCl and
{NH.4)»50, and the substitution of MgSO, for MgCl,.
This mix had pH 8.8, which also contributed to its per-
formance; when pH of this mix was decreased to 8.0,
5GIl-mediated inhibition of PCR was noticed {data not
shown). Besides pH, salt composition also plays a role
because SGI completely inhibited amplification in PCR
mix 11, which has the same pH as mix IV. When other
dyes were tested, amplification in mix IV was completely
{EvaGreen) or partially (SYTO-9, SYTQO-13, ResoLight)
inhibited or remained unchanged {LCGreen and SYTO-
82). In contrast to SGI, other dyes allowed amplification
of the Thy-1 genomic fragment when present in PCR
mix II. This mix is unique among others by containing
20 mM {NH,)»50,; instead of KCl, enhanced concentra-
tion of Tris-HCI {75 mM)} and inclugion of Tween 20
instead of Triton X-100 {Table 2}. It should be men-
tioned that all PCRs were run under identical cycling
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A conditions. Optimization of annealing temperature and
cyding conditiens for individual SGI-supplemented PCR
mixes, however, resulted in ne substantial improvement

15- of PCR efficiency (data not shown). Nejther was any
improvement achieved by varying the concentration of

10- e ; ; .
Mg, Sinee the concentrations of deoxynucleotide tri-
. phosphates (ANTPs), DNA polymerage and anti-Tagq

0s- monoclonal antibedy (mAb) were identical in all PCR
mixeg tested, it ig likely that an interaction of DNA dye
T P PT oL with jonic envirenment is responsible for the observed

Lie L | 5 5 4 differences in qPCR performance. Both divalent and
e monovalent cations bind to DNA and affect ity physical
properties [31]. Thus, ienic environment and DNA dyes

B could affect DNA denaturation, annealing of oligonu-
:@ o clectide primers to the DNA temnplate and/or activity of
b Tagq DNA polymerase, including its enhanced mudation
5 frequency which could inhibit PCR [14]. Our data indi-
g m cate, however, that error rate was not dramatically
g affected and therefore it is unlikely that it could contri-
%‘D i bute to the cbhserved differences in PCR mixes of differ-
B ent salt composition. Neither was fidelity of the Taq
% 50 DNA polymerase affected by the presence of various

CTPPT O TPPT DNA dyes.
+ Hemoglobmn - Hernoglobin Under more siringent conditions, such as amplifica-
tion of medium-size GC-rich genomic fragments frem
C crude bloed samples, ne amplification was observed in
various commercial and horme-made PCR mixes with or
~ 20 " without DNA dye, and no dramatic improvement was
u% 18 —_— achieved with additives and/or procedures recom-
o 18 mended for amplification of GC-rich templates. These
w14 included supplementing PCR mixes with DMSO,
5 12 betaine, trehalose, 1,2-propanediol or 7-deaza-2'-deoxy-
g 10 guanoesine 5'-triphosphate, performing hot-start PCR
5 8 under “touchdewn” conditions, or with recently intro-
mg* & duced PCR enhancing coctall containing trehalose, L-
4 carnitin and Nonidet P-40 (Figure 3). It is likely that
¢TPEFT CT PET PCR product formation under such conditions was com-

+blood - blood

promised by the presence of inhibitors present in bloed
(e g. hemoglobin), concurrenty with inadequate strand
separation due to higher GC content and/or formatien

Figure & The effect of bloed inhibitors and enhancers on
FCR, melting temperature, and polymerase activity. (4) DA
fragment of NP_3110351581 gene (Fr. 7; 735 bp; 73.1% GO was

arrplified in PCR mix || supplemented with the corresponding of secondary structures reflecting Hoogsteen base pair-
prirmers, 37.5 ph hemoglobin and 02 M trehalose alone (1, 1 M ing between successive guanosine bases. Furthermore,
1,2 propanediol alone (F) or their combination (PT). PCR mix DNA templates may create intramelecular stem loops
supplemented with HzD instead of enharcers served as 3 control - P ; : :

[Ch A typical experiment of four performed is shown. (B) Melting formEd_ during m_ltla_l cycles of amplification, l?admg to
rernperature of G50 rich dsiA oligonudesotide prirmer No 7, formation of hairpin structures that are resjstant to
reverse, and the antl primer [722% 50 1 pM final concentration) amplification by Taq DNA polymerase in subsequent
in the preserce (+) or absence [) of hemoglobin (375 pMy ard cycles of PCR [32].

warious enhancers (as in Al Melting temperature was determired Interestingly, strong and specific amplification was

as in Figure &, except that 551 was used at higher concentration
(132 pi). (D) Enzymatic activity of Tag ONA polymerase in PCR
mix Il buffer supplemented with (+) or without [ 10% blood and

obzerved when PCR mix II was supplemented with both
1 M 1,2-propanedjcl and 0.2 M trehalose. This mix

warious enharicers (as in A). Samples supplemented with HO allowed efficient amplification in the presence of all
instead of enhancers [C) served as controls. Cata in B andt C DNA dyes tested, including SGI. Trehalose has been
indicate means + 5.0, (n - 4). Asterisks indicate statistically previousl)r shown to erhance the YiEId of the ampliﬁed
| significant differences (P < 0.05). J PCR products, and it has been speculated that it acts
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through its thermestabilizing effect and/or lowering the
template melting temperature [18,33]. However, it is
unlikely that any of these two factors contributed indivi-
dually to the observed cifect of trehalose. Tn fact, the
enzymutic activity of Taq DNA polymerase preincubated
for 15 min at 95°C in mix 11 supplemented with 0.2 M
trehalose (withoot blood irhibitors) was slightly
decreased, rather than increased. Furtherimors, although
0.2 M trchalose decreased melting temperature, this
decrease was only marginal compared to the effect of
other additives fike DMSO or betaine whick are routi-
nely used as PCR enhancers.

1.2-propanediol at a firal concentration 0.516 M has
heen recognized as an effective enhancer for amplifica-
tion of medinm-stze GC-rich DNA sequences {24,34].
Although 1,2- propanediol surpassed 2.2 M bhetaine in its
ability to amplity GC-rvich templates [24] and decreased
the melting temperature of dsDNA fragments (this
study), it was unable on its own o surpass the inhibi-
tory effect cansed by the components present in the
whale blood. Efficient amplification of such difficult-to-
amplify templates was only achieved when 1,2-propane-
diol was combined with trehalase. It should be noted,
that 1,2-propanediol slightlv decreased enzymatic activ-
ity of Tag DNA polymerase. This inhibitory effect was
however fully compensated by beneficial effects ot 1,2-
propanediol en PCR performance. Our finding of signifi-
cant decrease of Taq DNA polymerase activity in sam-
ples supplemented with blood and evern more with
bloed and 1,2-propanediol, and removal of this inhibi-
tory effect after addition of trehalese suggest that treha-
lose acts by protecting the enzyme from negative
interference of the bloed inhibitors. Similatly, trehalose
protected against the inhibitary effect of SGI, as indi-
cated by enhanced amplification in the presence of both
1,2-propanediol and trehalose, compared to 1,2-propa-
nediol alene.

In our previous study we found that SGI bound to
ssDINA primers and interfered with annealing of the pri-
mers to DNA template; in this way 5GI could, at least
in part, contribute to its inhibitory etfect on PCR [5]. In
the present study we extended these tests to other DNA
dyes and found that all of them bound te ss2NA olige-
nucleotides, as reflected by enhanced flucrescence.
Importantly, for most of the dyes this binding was
decreased by 1 M 1,2 propanediol. Extent of the inhibi-
tion depended on a combination of DNA dye used and
GC content of the primers.

Cue of the PCR ivhibiters present in blood is hemo-
globin [17]. The inhibitory etfect of hemoglobin on
amplification of GC-rich DNA fragments was counter-
acted by addition of #'I' enhancer but not by 1,2-propa-
nediol or trehalose alune. Although hemoglobin
decreased melting temperature of dsDNA which was
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further decreased by the addition of 1,2-propanediol, it
was still not suflicient for removal of its inhibitory
effect. Irterestingly, hemoglobin-containing samples
supplemented with 1,2-propanediol or 1,2-propanediol
and trehalose exhibited similar melting temperature,
suggesting again that PT enhancer does not increase
PCR performance solely by decreasing melting
temperature.

Zhang and collaborators recently described a TCN
coctail which in combination with inhibitor- resistant
Tag DNA polvmerase mutants enabled cfficient amplifi-
cation of high-GC content DNA targets directly [rom
crude blood samples [27]. However, when wild-tvpe Taq
DNA polymerase was used for PCR with TCN, only a
fraction of GC-rich DNA templates in whole bloed was
amplified. Under identical conditions, PCR mix supple-
mented with T'T enhancer efficiently amplified all frag-
ments analyzed in this study. These data indicate that
PT is a superior enhancer for amplification of difficolt
termplates when wild type Taq DNA polymerase is used,
PT enhancer can be used as a universal enhancer suita-
ble for normal targets, GC-rich targets {ap to 79% GC)
and/or targets in the presence of PCR inhibitors. PCR
mix Il supplemented with PT enhancer is saitable for
DNA genotyping from whole blood without DNA
extraction and is compatible with various DNA dyes. In
order to get reasonable regression coefficients based on
qPCR analyses of crude blood samples it is adviceable to
dilate IINA templates present in human blood with e.g.
mouse blood te keep the amount of the blood compo-
nents in PCR constant. This will eliminate the problems
with simultaneous dilution of the inhibitory (e.z. hemo-
globin, immunoglobuling) and/or stimulatory (e.g.
heparin) components which interfere with PCR perfor-
mance, and/or recoerding of the fluorescence signat.

Conclusions

This study shows that a combination of 1 M 1,2-propa-
nediol and 0.2 M trehalose represents a unique enhan-
cer which can be combined with various DNA dves.
The erhancer can be used for amplification of various
DNA templates, including those which are GC-rich and
present in crude specimens, where other enhancers such
as DMSQ or betaine fail.

Methods

Reagents, antibodies and plasmids

The origin and properties of DNA dyes are specified in
Table 1. DMSO was obtained from Fluka Chemie Ginbh
{Buchs, Switzerland). Tag DNA polymerase was pro-
duced as described [5] or obtained together with buffers
of various composition from several manufacturers {Per-
mentas, Vilnius, Lithuania; Sigma-Aldrich, Prague,
Czech Republic; Promega, Madison, USA}. All other
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chemicals were from Sigma-Aldrich. The production of
amti-Tag mAb which inhibits Tag DNA polymerase
activily and is suitable [or hat-sturt PCR has alresdy
been. described [S]. The plasmid pMOL21 (4 kbp), carry-
ing the bia gene for ampicillin resistance and rpsl gene,
and E. coli K12 strain, MF1O1 {15], were obtained from
Hisaji Maki (University of Tokve, Jupan).

qPCR
Mast of the experiments were conducted with Masterey-
cler ep realplex {Eppendof, AG, Hamburg, Germany)
according {0 the manufacturer’s instructions. Reactions
were performed in 20 or 25 ul volomes in twin.tec 96
real-time PCR plates (Eppendorf) sealed with heat scal-
ing film (Eppendorf). Amplifications of ¢DNAs were
performed in 5 pl reaction volumes in 384-well plates
sealed with LightCycler 480 sealing foil (Roche Diagnos-
ties} using LightCyeler 480 (Roche Diagnostics, Man-
nheim, Germany). PCR mixes of different salt
composition (Table 2) were prepared according to Tag
DA polymerase manufacturer’s protocels and/or litera-
ture data [3]. Oligonucieatide primers, DNA template,
DNA dyes and additives/enhancers were added immedi-
ately before the assay. For comparison, we also used
Q™ SYBR Green Supermix (Bio-Rad Laboratories, Her-
cules, CA, USA) and LT 480 SGI {Roche Diagnostics).
DNA dves were prepared from stock solutions as
recommended by mannfacturers and/or previcus studies
[2,3] and as summarized in Table 1. Primers used for
amplification of genomic DNA fragments are indicated
in Table 4. For ¢DNA amplification, the following pri-
mers were used (forward/veverse, [accession number;
{ragment size, GC content}): actin, 5-GATCTGGCAC-
CACACCTTCT-3/5-GGGGTGTTGAAGGTCTCAAA-
3, [NM_007393.2: 138 bp, 58% GC]; GAPDH, 5'-
AACTTTGGCATTGTGGAAGG-37/5-ATCCA-
CAGTCTTCTGGGETGG-3, [XM 001473623.1; 69 bp,
52% GCl ORMDLY Fra, 5-GGATCAGGGTAGAG-
CAAGG-3"/5"-AGCAGAGAAGCTGTGTTTAGG-S,
[NM_143517.4; 171 bp, 43% GCJ; ORMDLL Fr.b, 5'-
ACTCGTGTAATGAACAGCCG-37/5"-
GOCTTGCTCTACCOTGATCC-Y, [NM 145517 4 205
bp, 47% G} Fer amplification of 8§64 bp genomic DNA
fragment of mouse Thy-1 gene, thermal cycling con-
sisted of 94°C/1 min ; 30 = [94°C/15 s | 567C/15 s | 72°
C/1 min]. For amplification of human or mouse genoc-
mic DNA fragments from crude bleod samples, the
cyeling conditions were: 95°C/10 min | 40 x [94°C/15 5
58°C/30 s | 72°C/1 minl. For ¢cDNA amplification the
cvcling conditions were: 95°C/3 min 40 x [95°C/10 s i
o0 s 72020 5] Melting curve analysis was car-
ried out from 50°C to 95°C with 0.2°C7 increments. tn
some experiments, DNA amplicons were size-fractio-
nated in 1% or 2% agarecse gels stained with ethidium
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bromide (0.5 pg/ml} and evaluated as described [35].
Quantification cycle (Cy) values [36] were determined
by automated threshold analysis. PCR elficiencies (F)
were determined trom dilutions of DNA and calculated
from the stopes of the standard curves according to the
equation E = 107" - 1, where a is the slope of the cor-
responding standard curve.

Genomic DNA

Mouse genomic DNA was isolated from tails of C57BL/
6] mice as previously described [37]. As a source of
human genomic DNA, whoele human blood was col-
lected intn heparin (20 U/ml), 0.38% sodium citrate or
2.7 mM EDTA, and stored in small abliquots at -70°C.
All these experiments were approved by the ethical
cominittee of the Institute of Maolecular Geneties. The
mass of the haploid mouse and human genome {C-
value) is ~3.3 pg and ~3.5 pg, respectively [38]; this
indicates that 1 ng of mouse or human genomic DNA
containg approximately 303 and 286 coples of a single-
copy gerte. These numbers were nsed for generation of
standard corve of Cq values from ampiification plots
versus log copy number.

RMA extraction and cDNA syrithesis and analysis

TNA was extracted from mouse bane marrow-derived
mast cells culfured under standard conditicns [39] using
RNezsy Mini Kit {Qlagen, Hilden, Germany). The
amount of RNA was determined by spectrophotometer
ND-100 (NaneDrop Technologies, Wilmington, DE).
Single-stranded ¢cDNA was synthesized by means of
mouse moloney leukemia virus reverse transcriptase
{Invitregen, Catlsbad, CA, USA) according te manufac-
turer’s instructions using 10 pg of isolated RNA and 50
ng of random hexamers per reaction.

Flusrescence measurements and melting temperature
determination

PCR mix II without Tag DINA polymerase, dNTPs and
anti-Taq antibody was supplemented with various addi-
tives/enhancers, DNA dyes and ssDNA oligonucleotide
PCR primer TNF, 5~ TAAAACGACGGCLAGT-
GAATTC-3 (45.5% 3L or primer No 7, reverse (Table
4: 72.2% GC). The mixtures (25 ul) were transferved
into white wells of the 96-well PCR plate, heat-sealed,
and fluorescence reading was carried cut on Mastercy-
cler ep realplex {5GI filter set). The samples were heated
at 95°C for 2 min, then cooled to 50°C and subjected to
flucrescence reading. For determination of melting tein-
peratures, the samples were prepared as above except
that dsDNA was [ormed by adding oligonucleotide mix-
ture  of  CUNF  and  anti-TNF  (5-GAA'L'E-
CACTGGCCGE ICE T T TA-F) or primer No 7, reverse

{lable 4) and anti-primer No 7, reverse (5'-
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AGACCCGCCTCACGAGCC-3). In some experiments
human hemoglobin (Sigma-Aldrich) at a {inal concen-
tration 37.5 pM wus also added. The samples were
heated at 95°C for 2 min and then cooled to 30°C. Tom-
perature-dependent changes in fluorescence obtained
during heating from 30°C to 95°C (0.2°C increments)
were determined by Mastercyder ep realplex. Melting
temperatures were defermined from melting curves,

DNA polymerase fidelity assay

The fidelity assay was based on streptomyvein resistance
of rpsL mutants {15], Standard PCRs (50 pl} conlaining
mixes of different composition, as indicated in Table 2,
were supplemented with 0.2 pM of cach primer and 1
ng of template DNA (pMOL21 plasmid linearized with
ScaT). In some experimonts various DNA dves at con-
centrations specified in Table 1 were alsa added. The
PUR with KO hot start polymerase was performed
according to the manufacturer’s instraction (Novagen,
Darmstadt, Germany). The following primers weve nsed:
hiotin-3- AAAAACGOGTCACCAGTCACAGAAAAG-
CATCTTAC-3  {forward sequence} and 5%
AAAAACGCGTCAACCAAGTCATTCTGAGAA-
TAGT-3 (reverse seguence) [40]: MIul restriction sites
are underlined. The standard PCR conditions were: 94°C
for 2 min, followed by 25 cycles at 94°C for 15 s, 58°C
for 3¢ s and 68°C for 5 min. The concentration of
amplified DNA was determined by means of Quant-iT
dsDNA HS Assay Kit (Invitrogen). and the number of
template doublings was estimated. The PCR products
were collected using streptavidin magnetic beads (Dyna-
beads M-280 Streptavidin, Invitrogen). Briefly, 100 pl
aliquots of the beads were rinsed with washing selution
(5 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl),
resuspended in 180 yl washing solution, combined with
20 pl of the PCR amplified IINA, and incubated under
gentle rotation at toom temperature. After 30 win, the
beads were washed, resuspended in 100 il of the corre-
sponding enzyme mix and treated with 1O units of Miul
at 37°C with gentle rotation overnight. The beads were
cellected using magnetic stand, and the supernatant was
fractionated by electrophoresis in (L8% agarose gel. The
DNA fragment was isclated using TakKaRa Recochip
(TaKaRa Diomedicals, Kyote, Japan), precipitated in
ethanol, lyophilized and dissolved in 20 pl of sterile
water purified with Milli-Q Advantage A10 (Millipore,
Molsheim, France}. The purified DNA was selt-ligated
with T4 DNA ligase and transformed into MF101 com-
petent cells. Half of the transformants were plated with
ampiciilin (100 pg/ml) to determine the total nuwmber of
transformed cells; the remaining half en plates with
ampicillin and streptomycin (160 pg/ml each to deter-
minte the total number of rpsl muatants. 'he mutation
freguency was determined by dividing the total number

Page 14 of 16

of mutants by the total number of transtermed cells.
The error rate was caleulated by dividing the mutation
freqquency by 150 (the number of amine scids that cause
phenotypic changes in rpsL), and the number of tem-

plate deublings [15].

DNA polymerase activity

Activity of Taq DNA polymerase was assayed by mea-
suring the conversion of radielabeled dATP into acid
insoluble DINA as previcusly described [41] with some
madifications. Activated salmon testes DNA (Sigma-
Aldrich) was prepared by exposing the DNA to low con-
centrations of pancreatic DNase [42]. Reaction mixture
{160 pt) contained DNA palymerase 50 U/ml, 75 mM
Tris-HCEL pH 8.8, 20 mA (NH;};504, 0.01% Tween 20,
25 mM MgCl,, 100 pM dATP, 200 ¢M dGTP, 200 ph
dCTP, 200 uM dTTP, activated salmon testes DNA (0.2
mg/ml), and various additives [10% (final concentration)
human sodium citrate-treated blood, 3.2 M trehalose
and/er 1 M 1,2-propanediol]. The samples were dena-
tured for 15 min at 95°C then cooled to 72°C and sup-
plemented with [2-""P]dATP (14.8 kBq; 111 TBg/mmol;
M Biomedicals, Irvine, CA). The mixtures were incu-
bated for 30 min at 72°C and the reactions were then
stopped by the addition of 100 pl of stop selution (150
mM sodinm pyrophosphate and 100 mM EDTA, pH
5.0). DNA was precipitated by the addition of 150 ul of
ice-cold 25% trichloracetic acid. After 15 min on ice, the
samples were vacuum filteved on type A/E glass fiber £l
ters {25 mm; Pall Corporation, Ann Arbor, MI) pre-wet
with stop solution. Precipitated TINA retained on the
disc was washed with 5 ml ice-cold 10% trichloracetic
acid followed by 10 ml of ice-cold 96% ethancl. The £i-
ters were air dried and the radioactivity was measured
in 10 ml scintillation fluid PetaMax ES (MP Biomedi-
cals) in a scintillation counter with QuantaSmart soft-
ware (Perkin Elmer, Waltham, MA}.

Statistical analysis
Statistical analysis of intergroup diffevences was per-
formed wsing Student’s t-test.
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27 ABSTRACT
28 Amplification of DNA templates from whole blood with Tag DNA polymerase still
29  remains a difficult task worldwide. Using a real-time PCR setup and a buffer
30  supplemented with 1M 1,2-propanediol, 0.2 M trehalose and SYBR green [ we show a
31  reliable technique ol genotyping in mice and detection ol single-nucleotide
32 polvmorphisms/mutations in humans. Elimination of DNA extraction and use of common
33 Taq DNA polymerase and DNA dye bring about substantial savings in labor and cost.
34
35 Quantitative real-time PCR (qPCR) has dramatically improved the genotyping
36 and detection of single-nucleotide polymorphisms/mutations. Preparation of samples and
37  presence of PCR inhibitors remain the bottleneck often complicating PCR-based
38  diagnostic tests. These problems, accentuated in assays based on templales lrom whole
39  blood. have in part been solved by modifications of PCR cycling conditions (1),
40  emplovment of new generations of heat resistant DNA polymerases (2) or Tag DNA
41  polvimerase nmtants (3). We described a new qPCR master mix contaming, among others,
42 the commonly used Taq DNA polyvmerase and a reaction buffer supplemented with 1 M
43 1.2-propanediol, 0.2 M trehalose and SYBR green 1. 'This mix, referred to as PI-SYBR
44  master mix, facilitated amplitication of GC-rich and long DNA templates (4). Here we
45  show that the PT-SYBR master mix is convinient even for PCR genotyping from murine
46 or human whole blood, allowing substantial savings in labor and cost and reducing the
47  volume of blood needed.
48 Blood from mice was obtained by submandibular bleeding using Goldenrod
49 animal lancet (3 mim, MEDIpoint, Mincola, USA) as described (3); heparin at a final
50  concentration 10 U/ml was used as anticoagulant. Human peripheral blood was collected
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51  into BD Vacutamer K3E/EDTA (BD Diagnostic). Blood was used either immediately or
52 after storage at -20°C for several months. PCRs were performed in LightCycler 480
53  multiwell plates 96, white. sealed with LightCycler 480 sealing foil (Roche Diagnostics.
54  Mannheim, Germany). Final concentrations for 23 ul PT-SYBR master mixes were asg
55  follows: 75 mM Tris-IIC], pII 8.8, 20 mM (NII4).S0s, 2.5 mM MgCla. 0.01 % Tween
56 20,200 pM dN'TPs, 25 Usml 'Taq DNA polymerase, 22 nM anti-'l'aq monoclonal
57  antibody (6), 0.2 M trehalose, 1 M 1,2-propandiol, 0.33 uM SYDR green I
58  [concentration determined as deseribed (7)), optimized concentrations of the
59  corresponding oligonucleotide primers (Table 1) and 1 pl of whole blood diluted 1:8 in
60  0.9% NaCl. qPCR cycling was performed using Light Cycler 480 Real-time PCR
61  instrument (Roche Diagnostics) with a program of denaturation at 95°C for 10 min,

62  followed by 35 cyeles of 94°C for 20 s, 54 — 60°C (depending on the primer set used) for
63  30sand 72°C for 60 s; final extension step was at 72°C for 7 min.

64 In an initial set of experiments we mmtended to confirm the non-'I' cell activation
65  linker (NTAL) genotype of mouse strains (8) previously characterized by genotyping by
66 means ol DN A isolated [rom mouse lail by standard procedures (9). Blood was obtamed
67  from mice of wild-type (WT) NTAL"" genotype (Fig. 1 A), NTAL" knockout (KO)

68  homozygotes (Fig. 1B) or heterozygotes (HZ) NTAL™ (Fig. 1C). Diluted blood samples
69  were directly added to PT-SYBR master mixes containing selected primer pairs and

70  analyzed by qPCR. All samples showed the expected amplifications determined by

71 fluorescence of SYBR green [ (Fig. 1A-C, left). The samples were next analyzed by

72 agarosc gel electrophoresis and again only the expected bands were observed in all cascs
73 (Fig. 1A-C, right). In further experiments we found that routinely performed genotyping
74 for linker for activation ol 'I" cell, phosphoprotein associated with glycosphingolipid-
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75  enriched microdomains and 4.1R protein [rom the whole blood was similarly simplilied
76 by using whole blood and PT-SYBR master mix (not shown).

77 Next we tested samples of human whole blood for a point mutation in the

78  coagulation Factor ¥V gene (G to A at position 1691), which makes the mutant Factor V
79  (called Factor V Leiden, FVL) resistant to activated protein C, a risk factor in venous

80  thrombosis (10). In total we analyzed 40 samples which had been previously

81  characterized by qPCR using DN A isolated from blood leucoeytes as FVL WT (1691G.
82  Fig. 2A), FVL homozygote mutant (1691A, Fig. 2B) and FVL HZ (1691G/A. Fig. 2C).
83 We found in all cases that mixing of human blood samples with PT-SYBR master mix
84  followed by qPCR gave the expected results manifested by enhanced SYBR green I

85  fluorescence (Fig. 2A-C; left) or PCR amplitied tragments mobility in agarose gels (Fig.
86  2A-C; right). Alike. we clearly identified WT and pomt mutations in Factor II

87  prothrombin [G to A at position 20210 (11)] directly from unseparated human blood

88  analyzed as above (not shown).

89 Proper and reliable amplification of DNA templates i samples from whole blood
90  was dependent on the presence of 0.2 M trehalose and 1 M 1,2-propanediol (final

91  coneentrations) in the PCR mix; no reliable amplification was observed in the absence of
92 these enhancers (data not shown). Trehalose has previously been found to be a potent

93 enhancer of PCR. effective by decreasing DNA melting temperature, enhancing thermal
94  stability, and protecting the enzymatic activity of Taq DNA polvmerase from negative
95 interferences with blood inhibitors (3, 4, 12) . On the other hand, 1.2-propanediol is an
96  effective enhancer of amplification of GC-rich templates (13) and decreases the melting
97  temperature of double stranded DNA fragments (4). When 1.2-propancdiol and trchalosc
98  are used as enhancers together, a potent PCR mix is formed (PT mix) suitable for a
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93  variely ol applications. Supplementation of the PT mix with SYBR green 1 produces a

100  reagent, which is suitable for qPCR genotyping directly from whole blood without DNA
101 isolation. On the other hand addition of cresol red at a tinal concentration of 0.2 mM,
102 which does not inhibit PCR (14) and is compatible with PT mixes permits an easy
103 transfer of the amplicons after PCR o gel without the necessity to add loading bufter
104  (not shown). PT master mix thus offers a useful alternative for some expensive
105  commercial products intended to amplify PCR i the presence of blood inhibitors; at the
106  same time, it provides a platform for efficient amplification of GC-rich templates.
107
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le6

167  Table 1. Oligonucleotide primers used in PT-SYBR master mixes

168 Gene name Primer Amplicon  Primer sequence (5°->3%)
169 (Reference) length (bp)*
170

171 NTAL (8)
172 Scnse CTACGGAGCTGAGTGITCTCA

173 Antisense - WT

L9
fel
[V5)

GAACGGCTAGAACTACACAGAG
174 Antisense - KO 450 GAGAGGAGGATAAAGTGGACCTC

175  FVL(15)

176 Sense CGCAGGAACAACACCATGAT

177 Antisense - 1691C 233 AACAAGGACAAAATACCTGTATTCATC

178 Antisense - 1691 A 246 GTCTGTCTGTCTCTTCAAGGACAAAATACCTGTATTCTTT
179

180  * Sense primers are combined with antisense primers to get the amplicons of given length.
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181
182 Figure legends
183
184  Figure 1. Mouse genotyping from whole blood using PT-SYBR master mix. Blood
185  was collected rom NTAL™ (WT; A), NTAL™ (KO, B) or NTAL™ (HZ, ) mice and
186  added directly into PT-SYBR master mixes containing the primer scts for NTAL WT or
187  NTAL KO genotvping. Panels shown on the left indicate fluorescence signal plotted as a
188  function of ccll cyele. After PCR, the samples were analyzed by 1% agarose gel
189  electrophoresis and ethidium bromide staining. Mobility of the selected amplicons and
190  their sizes arc indicated by arrows. Numbers in square brackets indicate the number of’
191  samples examined in each group.
192
193 Figure 2. Identification of FVL point mutations in whole blood using PT-SYBR
194  master mix. Blood was collected trom donors with WT FVL (A). FVL mutant (MUT; B)
195  or FVI. HZ (C) and added directly into PT-SYBR master mixes containing the primer
196  sets for FVL genotyping. Panels shown on the left indicate fluorescence signal plotted as
197  atunction of cell cycle. After PCR, the samples were analyzed by 2% agarose gel
198  electrophoresis and ethidium bromide staining. Mobility of selected amplicons and their
199  sizes are ndicated by arrows. Numbers in square brackets indicate the number of samples
200 examined in each group.
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Although the role of FceRI in IgE-associated acquired immune responses is well known, the
exact molecular mechanism of initiation and termination of the FceRI signaling is still elusive.
Obviously, understanding of these events has a therapeutic significance in treatment of life threating
IgE-mediated responses such as anaphylaxis. It is widely accepted that Src kinase family Lyn functions
as the central molecule responsible for both processes initiation and termination of the FceRI signaling.
Especially the role of Lyn in FceRI desensitization can be at first sight surprising but the importance of
a tight regulation of proinflammatory mediators release may explain the ambiguous role of this kinase
in the regulation of mast cell signaling at the very beginning [199]. The kinetics of FceRI-mediated
degranulation is characterized by dose-dependent bell-shaped curve when sub-optimal concentration of
antigen exhibits not fully developed response whereas supra-optimal concentrations of antigen has an
inhibitory effect on degranulation (Figure 5) [200]. The canonical ITAMs of FcR[3 subunits serve as the
amplifiers of the FceRI signaling whereas the non-canonical ITAM is involved in the suppression of
IgE-mediated responses [105;201]. Xiao et al. showed that stimulation of the FceRI with monomeric
IgE, IgE plus anti-IgE, or IgE plus low valency antigen positively regulated degranulation. However,
when FceRI signaling was triggered with high concentration of multivalent antigen Lyn functioned as a
negative regulator. The association of Lyn with FcR[3 was markedly increased when activated with high
concentration of multivalent antigen and subsequent phosphorylation of FcRf3 was enhanced. Negative
regulatory molecules SHP-1 and SHIP have been found to be associated with FcRf} even in quiescent
cells. These phosphatases were phosphorylated by Lyn and their subsequent association with FcR3 was
increased in cells stimulated with high concentration of the multivalent antigen [124]. Thus, massive
stimulus suppresses the FceRI signaling via increased association of SHP-1 and/or SHIP with the FceRI
aggregates. Indeed, it has been shown that Lyn” BMMCs activated with high concentrations of
multivalent antigens exhibited saturation of the response but not dose-dependent bell-shaped curve-
dependent inhibition of the response (Figure 5) [120].

Signaling molecules specific for mast cells are very limited, if any. Therefore, new molecular
targets are still searched for treatment of allergic disorders On the other hand it has been shown that
allergy can be also treated via desensitization of FceRI signaling using inhibitors of Syk or PI3K

activity [202]. This let us to evaluate current models explaining the initial stages of FceRI.
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Figure 5. Effect of antigen concentration on the extent of FceRI-mediated degranulation. The
bell-shaped curve-dependent inhibition of the response is characteristic for signaling via FceRI (blue
curve). A sub-optimal dose of multivalent antigen results in only weak downstream signaling and
induction of effector functions whereas an optimal concentration of antigen causes maximal activation
of antigen-triggered signaling pathways and effector functions, including calcium signaling initiated by
activation of PLCy and subsequent STIM1-dependent opening of CRAC channels (green triangle).
Activation of mast cells with supra-optimal concentrations of multivalent antigen induces only weak
signaling and execution of effector functions. Lyn in this case plays a negative role by phosphorylating
non-canonical ITAM motif of FcRP3 and SHIP is subsequently recruited to FceRI (magenta triangle).
Proteins in brown area promote suppression of signaling (Huber, 2013).

The transphosphorylation model assumes that FceRI in quiescent cells is non-covalently
associated through its non-phosphorylated  subunit with Lyn kinase [114;203;204] which is unable to
phosphorylate its carrier receptor, despite the fact that Lyn kinase in quiescent mast cells is
enzymatically active and its activity is not further enhanced after FceRI triggering [205]. Aggregation of
the IgE—FceRI complexes with multivalent antigen initiates Lyn-dependent phosphorylation of the
neighboring receptors within the aggregate [109]. This process is known as transphosphorylation and
was suggested to play a role in the signal transduction in several other systems [206]. However, some
data are in conflict with this hypothesis. For example, aggregated FceRI becomes tyrosine
phosphorylated even in the absence of B subunit [104]. Furthermore, chimeric receptors containing only
the FcRy cytoplasmic tail become tyrosine phosphorylated upon their aggregation [207]. Alternative
models had been therefore proposed.

The model based on lipid raft membrane microdomains presumes that in resting cells FceRI is
physically separated from active Lyn residing in lipid raft domains and after aggregation, the FceRI is
translocated into these domains and is phosphorylated there by Lyn [208]. Decreased detergent
solubility was observed not just in extensively aggregated FceRI, but even upon FceRI dimerization,
although the activation was delayed and more sustained [209]. The lipid raft hypothesis is in part based
on studies presuming that DRM correspond to lipid rafts, an assumption which is probably incorrect

[117]. However, recent studies based on advanced microscopy methods revealed that membrane
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domains in quiescent cells are highly dynamic and small in size (less than 10 nm). They can transiently
coalesce after ligand-induced aggregation of membrane proteins and form larger domains [210]. In
antigen-stimulated mast cells, transient association of IgE-FceRI in specialized cholesterol-rich domains
within ~4 nm proximity, peaking at 5 min after receptor aggregation has been described [211]. It
remains to be determined whether these changes reflect either an association of FceRI with cholesterol-
enriched lipid rafts possessing sequestered Lyn, or rather changes leading to removal of aggregated
FceRI. In fact, experiments with N-palmitoylation-site deficient Lyn show that anchor of the Lyn to the
plasma membrane but not to DRMs is important for proper tyrosine phosphorylation of the FceRI [116].
Thus, lipid raft localization of Lyn is not sufficient for its interaction with aggregated FceRI and
initiation of phosphorylation occurs outside the lipid rafts.

The PTK—PTP interplay model was coined to explain some conflicting experimental data which
were inconsistent with lipid raft model. PTK-PTP interplay model is based on the fact that the extent of
phosphorylation of the immunoreceptors and other substrates depends not only on enzymatic activity of
the PTKs, but, at least partly, also on the activity of PTPs. Initially, the model was elaborated in studies
of immunoreceptor signaling in B cells. Reth and co-workers showed that the B cell receptor forms a
complex with PTKs and PTPs; this complex is indispensable for reactive oxygen species (ROS)-
induced phosphorylation [212]. One possible way of regulation of the PTP activity is reversible
oxidation of Cys residue in a conserved signature motif (I/V)HCxxGxxR(S/T) in the catalytic domain of
some of the PTPs at physiological pH (pKa <6.0). ROS are produced under physiological conditions by
the activity of specialized enzymes such as nicotinamide adenine dinucleotide phosphate oxidase [213].
It has been shown that ROS encompassing superoxide or hydrogen peroxide are known inhibitors of
PTPs and are capable of initiating early FceRI-induced signaling events in mast cells. Despite a growing
list of confirmed PTPs present in mast cells, their contribution to cell signaling regulation is still poorly
understood [153;214]. Strong oxidants like pervanadate (a mixture of vanadate and H,0,) irreversibly
inactivated PTPs by the formation of Cys-sulphonic acid residues [215]. It has been shown that
solubilization of the cells with detergents destroys preformed signaling assemblies containing PTKs,
PTPs, and their substrates because most of PTK substrates are not phosphorylated if pervanadate is
added to cell lysates instead of intact cells [212]. Exposure of mast cells to pervanadate leads to
activation events which resemble those induced by physiological activators [216;217]. Moreover,
association of FceRI with DRMs and enhanced receptor clustering are not required for receptor
phosphorylation in cells stimulated with pervanadate or H,O, [216]. Using a monoclonal antibody
(oxPTP) recognizing oxidized Cys residue in catalytic domain of PTPs, enzymatically inactive PTPs
were detectable in a time- and dose-dependent manner in mast cells activated with pervanadate, H,O, or
antigen [216].

In our study we extended current knowledge of topography of signaling molecules involved in
FceRI signaling. We have found that TRAPs, LAT and NTAL, are increasingly colocalized with
oxidized PTPs in antigen and pervanadate activated cells [218]. Nevertheless, oxidized phosphatases

have not been found in DRMs [216]. Similarly, Syk was detected in FceRI clusters on plasma
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membrane sheets isolated from activated mast cells [204], in spite of the fact that only FceRI, was
associated with DRMs [219]. Moreover, experiments with disaggregated FceRI clusters showed that the
rate of their dephosphorylation was the same as that of other proteins [219]. These data indicate that
proteins in DRMs are not protected from phosphatase activity and that even typical DRMs proteins
could be phosphorylated as proposed by the PTK—PTP interplay model.

Recently, the association of BCR with voltage-gated proton channel HVCN1 was shown to be
important for ROS production in B cells. HVCN1-deficient B cells exhibited reduce ROS production
and subsequent attenuation of BCR signaling via impaired BCR-dependent oxidation of the SHP-1
[220]. The role of ROS in FceRI regulation under physiological conditions is, however, questionable
[213;221]. Therefore, we also considered an alternative explanation how PTPs could be involved in
FceRI activation and we came to a model of antigen-induced conformational changes in aggregated
FceRI. According to this model, the expected changes in microenvironment of FceRI may impair the
access of PTPs to their substrates. Conformational changes upon activation in the BCR and TCR have
already been described [222;223]. It is possible that the expected change in topography of FceRI could
lead to a shift in access of PTK and PTP to FceRlI, in favor of PTK, and thus enhance phosphorylation
of FceRI after mast cells triggering. The association of FceRI with SHP-1, SHP-2 and SHIP-1 has been
found in resting cells [124;216;224]. It should be mentioned that SHIP-1 is constitutively active and
regulated mainly by phosphorylation-mediated translocation to the plasma membrane [199]. BMMCs
lacking SHIP-1 exhibit massive degranulation even when IgE alone was bound to FceRI. Thus, the
interaction of FcRP with SHIP-1 in non-activated cells may set a treshold for mast cells degranulation
[225]. These data imply that the addition of IgE alone to the mast cells stimulates multiple cascades,
which are prevented from progressing to degranulation by SHIP-1 [225]. Indeed, Carroll-Portillo et al.
showed that FceRI cross-linking is not an obligatory step in triggering mast cell signaling and suggest
that dense populations of mobile receptors are capable of initiating low-level degranulation upon ligand
recognition [78].

These models are still incomplete, because other factors play a role in the early FceRI signaling.
Surprisingly, mast cells with low expression of Fyn, Hck and Fgr exhibit significant changes in FceRI
signaling [122;127;128]. Fgr is important for phosphorylation of FcRy and Syk. Mice with decreased
levels of Fgr exhibit impaired passive cutaneous anaphylaxis [128]. Moreover Hck seems to be
upstream of Lyn signaling [127]. Thus, it is possible that other kinases from Src kinase family are
involved at the very beginning of the FceRI signaling. The PTK-PTP interplay model fits to this
situation as well. On the other hand BMMCs isolated from mice with targeted disruption of the GPI
biosynthesis gene PigA lack expression of GPI-APs. These cells exhibit reduced degranulation and
knock-out mice are resistant to passive cutaneous anaphylaxis. Interestingly, BMMCs deficient in GPI-
APs exhibit impaired association of FcRf} and FcRy with FcRa after mast cells activation with antigen.
Association of active Lyn in resting cells with FceRI was enhanced whereas in activated cells was
decreased. These data imply that some GPI-AP competes with Lyn for association with FceRI in

quiescent cells. Interestingly, phosphorylation of FcRp upon FceRI aggregation was normal but
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phosphorylation of FcRy was impaired [226]. Thus, so far not yet identified GPI-APs seem to be
responsible for stabilization of aggregated FceRI complex and increased association of active Lyn with
resting FceRI. An important factor involved in early signaling is calcium. Basal phosphorylation
detected in lysates of quiescent B cells as well as phosphorylation pattern of activated B cells is
dependent on cytosolic Ca®* levels. The basal levels of calcium and Ca*" released from the ER stores
were sufficient for initiation of BCR signaling. Surprisingly, BCR signaling in the absence of free Ca**
(EDTA or BABTA treatment) exhibit impaired phosphorylation of Lyn and ZAP70 after BCR
triggering [227].

It has been mentioned in introduction that STIMI is a sensor of Ca" levels in ER and that it is
responsible for Icgac and SOCE. The SOCE occurs almost immediately after mast cells activation with
antigen or thapsigargin [190]. It takes seconds from initial FceRI phosphorylation mediated by Src
family kinase Lyn to initiate formation of LAT-dependent docking sites for PLCy which yields IP3 and
DAG. IP3 diffuses through the cytosol to bind to IP3R and thus fastly depletes the ER Ca®" stores. The
dynamics of STIM1 translocation to the ER/plasma membrane junctions was studied in Jurkat T cells
upon TCR cross-linking. Accumulation of STIM1 near the plasma membrane begins in seconds after
FceRI triggering and precedes the Icrac [228]. Complexes of STIM1 with CRAC channel component
Orail are involved in TCR-dependent immunological synapse [187]. As was mentioned in introduction
STIMI is the essential regulator of CRAC channels. Upon depletion of Ca** ER stores, STIMI
physically interacts with Orail channels. This direct interaction can be dynamically traced in vivo using
flow cytometry based FRET after store depletion mediated by cells treatment with thapsigargin. The
data presented in Figure 6 indicate that STIM1-EYFP increasingly interacts with Orail-ECFP after the
ER stores depletion with thapsigargin.

STIM1 in quiescent cells colocalizes with the microtubule filaments [195] and dynamically
moves in microtubule-dependent manner [194]. The direct association of STIM1 with microtubule +TIP
protein EB1 explains the comet-like movement of STIM1 [196]. In our study we focused on the
dynamic of microtubules in mast cells and the role of STIM1 in microtubule reorganization after cells
activation with different stimuli as well as on the role of microtubules in STIM1 translocation into the
subplasmalemmal region. This cross-talk between STIM1 and microtubules is taking place at multiple
levels (direct interaction with EB1 and calcium signaling) and thus the question whether microtubules
affect STIM1 translocation to the ER/plasma membrane junctions and conversely whether STIM1
influences microtubules dynamics in resting cells via interaction with EB1 or in activated cells via

calcium mobilization, is of importance.
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Figure 6. Kinetics of interaction between Oral-ECFP and STIM1-EYFP in activated cells. Interaction
between Orail and STIM1 was measured by flow cytometry based FRET in living cells after activation
induced by 1 uM thapsigagin (arrow).For the experiments, HEK293 cells expressing STIM1-EYFP and
Orail-ECFP were used. The "basal" gate was ~20% positive for cells with FRET (red dots); 5 min after
activation with 1 uM thapsigargin, the FRET was detected in ~70% of cells. The cells without the FRET
signal are shown as green dots whereas the cells in FRET gate are marked as red dots. This profile
indicates strong interaction of the proteins in the ER-plasma membrane junctions upon cells activation.

We described unknown phenotype of BMMC:s that is characterized by formation of microtubule
protrusions upon cells activation via FceRI, pervanadate or thapsigargin. Interestingly, this phenotype is
observed in BMMCs attached to fibronectin-coated slides resembling thus more closely the natural
conditions in tissue where mast cells are congregated. It has been shown that compared with resting
cells, FceRI- or pervanadate-induced activation of BMMCs attached to poly-L-lysine-coated coverslips
resulted in more intense staining of microtubules. However, no obvious microtubule protrusions were
detected [229]. Similarly, activation and fixation of BMMCs in suspension followed by attachment to
glass slides by cytospin intensified the tubulin immunostaining, but microtubule protrusions were not
reported [126]. Thus, a new co-stimulatory signaling mediated by integrins towards microtubule
reorganization was described. The microtubule protrusions in cells activated by FceRI aggregation were
most prominent ~5 min after cross-linking and Src family inhibitor PP2 inhibited their formation. This
phenotype was restricted to BMMC and BMMC line but it has been tested only on a limited number of
cell lines. Using a new algorithm we were able to analyze the dynamics of microtubules in a cell
periphery. This dynamics was determined by total internal reflection fluorescence microscopy time-laps
imaging of EBIl-enhanced green fluorescent protein (EGFP). Using this algorithm we showed that
thapsigargin- or antigen-mediated activation increases the numbers of growing microtubules in cell
periphery and also the growth rate of microtubules. There was direct correlation between formation of
microtubule protrusions and degranulation in activated mast cells [190].

We have prepared STIM1 knock-downs in BMMCs to evaluate the role of STIMI in these
processes. BMMCs with reduced STIM1 levels exhibited impaired degranulation, calcium mobilization
nad calcium uptake after antigen or thapsigargin activation. These data corroborated and extended the
results of Baba et al. [188] obtained on fetal liver-derived mast cells. It has been reported that calcium is

dispensable for microtubule formation, but essential for F-actin disassembly in BMMCs [126]. In
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contrast to these data, our observation indicate, that reorganization of microtubules in BMMCs with
reduced STIMI levels was impaired. It has been shown that both Ca®" and STIMI expression in
BMMCs are indispensable for formation of microtubule protrusions. Moreover, the microtubule
dynamic in the cell periphery of activated BMMCs with STIM1 knock-downs was impaired but the
dynamic of EB1 movement in resting cells was without significant changes. It implies that STIMI-
dependent Ca®" levels in cytosol after activation are important for microtubules reorganization but in
quiescent cells the comet-like interaction of EB1 with STIM1 alone does not change the dynamics of
microtubules polymerization. We were capable of reverting the formation of microtubule protrusions
and calcium mobilization in the activated cells with reduced STIM1 levels nucleofected with mCherry-
hSTIM1 and EYFP-hSTIM1, respectively [190].

STIM1 puncta are formed several seconds before the opening of calcium channels [228], and
one could expect that microtubules are involved in this process. However, our data demonstrate that
although microtubule disruption by nocodazole abolished the comet-like movement of STIM1, it had no
effect on puncta formation in activated cells. This finding is in line with our observation that the uptake
of extracellular Ca*" was only partially inhibited in nocodazole-pretreated and thapsigargin-activated
BMMC:s. This suggests that STIM1 aggregation beneath the plasma membrane and subsequent opening
of CRAC channels does not require intact microtubules in activated mast cells. Previous studies often
reported discordant effects of nocodazole treatment on SOCE or Icrac (see chapter STIMI1 in
Introduction). It appears that different factors, including cell type, treatment protocol and the way of
Ca’" depletion might modify the results of the experiments. It is also possible that microtubules play a
supporting role in SOCE signaling by optimizing the location of ER containing STIM1 before cell
activation [195]. The presence of aggregated STIM1 in protrusion could help to organize CRAC
channels [230] and open locally these channels to cause SOCE. Our finding that BMMCs with STIM1
knock-down exhibited defective chemotaxis toward antigen supports previous data on the role of Ca*"
in chemotaxis [231;232]. Based on these data we proposed that microtubule protrusions might be
involved in sensing external chemotactic gradients of antigen or other signals reaching mast cells at
inflammatory sites. Recently, it was found that mast cells are capable of surmounting blood vessels to
capture serum IgE with extended processes [34]. The direct contact with endothelial cells is required,
thus the interaction with integrins is expected and the protrusions that we observed in vitro can be the
non-directional response of mast cells to ubiquitous stimuli which in vivo may be important for IgE
capturing from blood stream. Interestingly, although the migration of mast cells towards antigen was
impaired, cells spread normally when compared to control cells in the presence of antigen (Figure 7 A
and B). Spreading of cells reflects the reorganization of actin filaments. Moreover, STIM1 knock-downs
cells were capable of spreading when activated with antigen and thapsigargin, in contrast to control
cells, but not after activation with thapsigargin alone (Figure 7B). These data suggest that sustained
levels of calcium inhibit spreading of BMMCs but the FceRI-mediated signaling is important for cells
to spread. These data are in accord with our previous observation that NTAL-deficient BMMCs exhibit
increased calcium signaling [132] and spreading [233] but migration of these cells toward antigen was
enhanced [233].
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Figure 7. Negative regulation of cell spreading by STIM1 in antigen and thapsigargin activated cells.
(A) IgE-sensitized BMMC were attached to fibronectin-coated glass surface and then stimulated with
antigen (TNP-BSA), thapsigargin or antigen plus thapsigargin (only cells activated with antigen alone
or together with thapsigargin are shown). After 30min, cells were fixed and stained for F-actin. (B) Cell
area was determined and normalized to nonactivated cells. Means and SE were calculated from two
independent experiments. Significance of differences between control BMMCs and STIM1 knock-down
(KD) BMMC:s cells is shown (p<0.01; Student’s t-test).

Cell membranes serve as the docking sites for many signaling events. It is obvious that some of
the proteins residing in the membranes can serve as sensors transferring the signal between distinc
compartments. IgE-FceRI complex and STIM1 sense the antigen and Ca”", respectively. Although their
function is distinct, both of them require to be phosphorylated and both of them show changes in

membrane topography after cell triggering. Interestingly, the initiation of signaling termination of FceRI
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or STIM1 aggregates-dependent signaling is mediated by the associated sensor (Lyn) or sensing object
(calcium). It has been shown that refilling of ER with Ca®" is not sufficient for dis-aggregation of
STIMI1 [234] but some proteins, probably CRACR2A and SARAF are involved in this process (see
Introduction).

The peak of STIM1 phosphorylation occur 2.5 s after platelets treatment with thapsigargin;
thus, STIM1 is probably associated in resting cells with other molecule/s [174]. ERK1/2 were identified
as kinases phosporylating STIM1 and thus important for SOCE [175]. Association of STIM1 with the
liquid ordered lipid domains initiates redistribution of Orail from the liquid disordered regions of the
plasma membrane to lipid ordered domains [186]. Our preliminary data suggest that incubation of mast
cells with 2-bromo-palmitate reduces calcium mobilization. 2-bromo-palmitate blocks proteins
palmitoylation and thus the association of some proteins with lipid ordered domains can be disrupted. In
this connection the inhibition of SOCE after mast cells treatment with 2-bromo-palmitate is of
importance. Therefore we established the flow cytometry based FRET to detect the changes between
EYFP-STIM1 and ECFP-Orail in living cells. As the process of STIM1 aggregation can be influenced
by reduced early signaling we will measure this event also in cells expressing EYFP-STIM1 and ECFP-
STIM1. Until now, this system is working in HEK 293 cells and we plan measure flow cytometry based
FRET during FceRI signaling in mast cells or basophiles.

Currently, we are engaged also in the research of a complex organizing metabolism of AA
(membrane-associated proteins in eicosanoid and glutathione signaling). This multimolecular complex
recruits 5-LO in calcium dependent manner and according to our results is also involved in unfolded

protein response in mast cells.
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CONCLUSIONS

1. We evaluated current models explaining the initial stages of FceRIl. We found that the best
model explaining various experimental findings fulfils PTK-PTP interplay model. We propose
that shift in balance in favor of PTKs could be the signal leading to initial phosphorylation of
the FceRI. This model is supported by our findings of the presence of irreversibly oxidized,

and therefore inactivated, PTPs in the vicinity of FceRI complexes.

2. We found that activated mast cells attached to fibronectin-coated slides form microtubule
protrusions after activation with different stimuli. STIM1 was essential for formation of the
protrusions and mast cells migration towards antigen. Moreover, in activated BMMCs with
STIM1 knock-down the changes in microtubule dynamics were prevented.

2.1 We used a 29-aa oligopeptide which corresponded to the C-terminal part of STIMI
(conjugated to protein carrier) for immunization of mice and rabbits. From immunized
rabbits we obtained polyclonal antibodies and from immunized mice we generated two
hybridoma clones which produced highly specific monoclonal antibodies against STIM1.
All of these antibodies were usefull for immunoprecipitation and immunoblotting. We used
the antibodies for quantification of STIM1 in BMMCs with STIM1 knock-downs by
immunoblotting. Antibody produced by one of the hybridoma clones is at present

commercially avaliable from Exbio Praha, a.s.

2.2 hSTIM1 complementary DNA was cloned into the mammalian expression vector coding
mCherry so that sequence 1-23 aa corresponding to the SP of hSTIM1 was placed at the
beginning of mCherry and the remaning part of hSTIM1 was cloned on the C-terminus of

mCherry. The construct was used in STIMI rescue experiments.

2.3 Cells with reduced STIM1 expression were prepared by transduction of BMMCs with
lentivirus vectors bearing STIM1 specific shRNAs; control cells were transduced with
empty vector. The efficiency of knock-downs was tested at the protein level by
immunobloting. Subsequently, cells with STIM1 knock-down were used to evaluate

hypothesis that STIM1 is crucial for activation-induced changes in microtubule dynamics.

2.4 BMMCs with STIM1 knock-down exhibited impaired degranulation, calcium mobilization
and other markers of mast cells activation. These changes could not be explained by

reduced expression of FceRI as determined by flow cytometry.
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3

2.5 We have found that in activated cells there was close correlation between the formation of

microtubule protrusions and degranulation as measured by 3-glucuronidase release.

2.6 Cells with STIM1 knock-down were nucleofected with human EYFP-hSTIM1 or mCherry-
hSTIMI1. Detailed analysis showed that in the transfectants the phenotype was reverted as
refected by restauration of microtubule protrusions formation and enhanced calcium
mobilization after FceRI trigering. The data indicate that formation of microtubule

protrusions is dependent on the presence and activity of STIM1.

2.7 Induction of microtubule depolymerization by nocodazole decreased mast cell
degranulation but *Ca*" uptake was only slightly reduced. These data corroborate the

microscopic observation that microtubules are not essential for initial STIM1 aggregation.

In search for a new universal PCR master mix suitable for amplification of DNA fragments
from whole blood and/or GC-rich templates, we modified PCR mixture by inclusion 1 M 1,2-
propanediol and 0.2 M trehalose. We found that the additives allowed amplification of GC-
rich DNA fragments and amplification in the presence of PCR inhibitors such as hemoglobin.
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