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Abstract

Mast cells play a central role in many allergic and inflammatory conditions. These
cells are activated following an intracellular rise in calcium, such as that which
occurs after the activation of cell-surface receptors. One such important recep-
tor is cysteinyl leukotriene (CysLT) receptor type 1 (CysLT1), which is activated
by lipid mediators such as CysLTs LTC,, LTD,4, and LTE,. CysLT1 stimulation
leads to the hydrolysis of membrane phospholipids such as phosphatidylinositol
4 5-bisphosphate (PIP;) via phospholipase C-B, which results in the generation
of diacylglycerol and inositol trisphosphate. Inositol trisphosphate transiently in-
creases cytosolic calcium levels by releasing calcium from its internal stores. This
transient phase is followed by an influx of external calcium caused by the open-
ing of store-operated calcium release-activated calcium (CRAC) channels in the
plasma membrane. To understand how CRAC channels are involved in receptor-
driven calcium responses, I investigated whether the opening of CRAC channels
regulates the production of cellular phosphoinositide. Using cytoplasmic calcium
ion (Ca*" ) imaging in the mast cell line RBL-2H3, T found that LTC, induced
repetitive calcium oscillations that ran down in the absence of external calcium
and were sustained by calcium entry through CRAC channels. The molecular
characterisation of CRAC channel components in RBL-2H3 cells revealed that
LTC,4 -mediated calcium oscillations were maintained through calcium entry via
Orail and that the calcium signal could not be maintained by Orai3 or other
calcium- permeable channels. Furthermore, STIM1 (but not STIM2) was the only
homologue that supported calcium oscillations in RBL-2H3 cells. The inhibition

of the cellular phosphoinositide pool by lithium chloride (LiCl) reduces calcium os-
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cillations. Adding the substrate inositol rescued these oscillations, but only when
external calcium was present. Pharmacologically blocking CRAC channels with
a low concentration of CRAC channel blockers prevented the recovery of oscilla-
tions in LiCl-treated cells, even when inositol was present. To further understand
how calcium entry contributes to the production of PIP,, I investigated whether
PI4P- or PI5P-specific pools support the oscillatory calcium signal induced by
LTCy4. Accordingly, by using pharmacological blockers, concluded that PIP, used
in LTC,4 -mediated calcium signalling is produced via the conversion of PI4P into
PIP, by PI5K1 kinases and that the cellular PI5P pool does not contribute to
the calcium signal. Moreover, the conversion of PI4P into PIP; was possible only
when there was calcium entry via CRAC channels. Characterisation of the ex-
pressed PI5K1 kinases in RBL-2H3 cells revealed expression of only PIP5K1a and
PIP5K1y and that both kinases are needed to maintain the oscillatory calcium
signal induced by LTC, and to provide an overlapping function. To further expand
current understanding of how calcium regulates PI5K1 kinases, I specifically inves-
tigated how calcium entry regulates PIP5K1y. This was accomplished by looking
into PIP5K1y-regulating proteins, of which talin is a focal adhesion protein shown
to activate PIP5K1y. In this thesis, I show that the cleavage and activation of
talin depend on calcium entry via CRAC channels, thereby elucidating a possible
mechanism in how CRAC channels mediating calcium entry are involved in phos-
phoinositide production. This thesis identifies a new role for CRAC channels in
mast cell activation. The opening of CRAC channels and calcium entry are re-
quired for PIP, production and thus the maintenance of agonist-mediated calcium

signalling.
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Chapter 1

Introduction

1.1 Calcium oscillations

In resting cells, intracellular calcium levels are kept within nanomolar ranges with
an estimated average of 100 nM [1]. A transient rise in intracellular calcium levels
to the micromolar range following the activation of cell receptors is responsible
for regulating various cellular functions and processes [2]. The ability of a single
messenger to regulate such a vast number of processes is attributed to the diverse
spatiotemporal profile of calcium signalling [3]. In non-excitable cells, the stimu-
lation of cell receptors with a physiological agonist results in the development of
calcium oscillations that vary in number and amplitude depending on the agonist,
concentration and exposure. The decoding of both the frequency and amplitude by
calcium-sensitive intercellular proteins, enzymes, transcription factors, and other
intracellular molecules and organelles is thought to modulate their function. More-

over, it is believed that cells adopt calcium oscillation to avoid the toxic effect of
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CHAPTER.1

sustained calcium elevations. Moreover, receptor desensitisation is less likely to

occur in response to an oscillatory calcium event [4].

Calcium oscillations in excitable cells are generated following changes in the mem-
brane potential, leading to the periodic opening and closing of the voltage-gated
calcium channels. In non-excitable cells, calcium oscillations are generated follow-
ing the binding of an agonist to its receptors on the cell surface, thereby causing
the generation of inositol 1,4,5-trisphosphate (IP3). The activation of phospholi-
pase C (PLC) that follows the binding of external ligands to their receptors on the
cell surface precipitates the hydrolysis of phosphatidylyinositol-4, 5-bisphosphate
(PIP3). The hydrolysis of minor phospholipid PIP; induces the generation of two
second messengers: 1Pz and diacylglycerol (DAG) [4]. IP3 binds its receptors pri-
marily to the endoplasmic reticulum (ER), thus causing the release of calcium into

the cytosol [5].

Research has reported that multiple subtypes of IP3 receptors (IP3R1-IP3R3), with
various splice variants for each subtype, exist. The expression of IP3 receptors
among different cells is thought to vary, although most cells express all of them
[6]. The modulation of IP3 levels or IP3 receptors was suggested to contribute to
the development of calcium oscillations [6]. Two hypotheses for the generation
of calcium oscillations have been suggested in which either a constant or periodic
fluctuation of IPj3 levels can be observed. The first hypothesis posits that there
is a constant amount of IP3, and that calcium oscillations are due to the positive
and negative feedback of calcium on IP5 receptors. High levels of calcium inhibit
[P35 receptors, whereas low levels can potentiate the activity of the receptors [7,

8]. Calcium regulates IP3 receptors via two binding sites: an inhibitory and an
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activating calcium-binding site [5]. It was shown that the binding affinity and
dissociation constant differs between the sites, which results in the inhibitory sites
being occupied only after a prolonged elevation of cytoplasmic calcium [1]. By
contrast, the second hypothesis for how calcium oscillations are generated holds
that they stem from the fluctuation of IP3 levels irrespective of cytoplasmic calcium

levels [9, 10].

The sensitivity of IP3 receptor subtypes to IP3 levels is believed to vary, and ac-
cordingly, oscillations were also attributed to the expression levels of IP3 receptor
subtypes within cells [11]. Regular, continuous, and long-running oscillations are
observed when IP3R2s are activated. Conversely, IP3 R1 activation leads to the
generation of momentary episodic oscillation [12]. Since the knockdown of IP3R3
prompts an increased number of oscillations, it was suggested that IP3R3 receptors

play a negative regulatory role when it comes to calcium oscillations [11, 13].

The phosphorylation of IP3 receptors was also suggested to contribute to the gen-
eration of calcium oscillations [14]. Protein kinase A (PKA) was shown to phos-
phorylate all subtypes of IP3 receptors [15], and the phosphorylation of IP3 R1 by
PKA was shown to potentiate the effect of the receptors by increasing their sen-
sitivity to IP3[16]. CaMKII Kinase was also considered to regulate IP3 receptors
via phosphorylation [17], specifically that CaMKII-mediated phosphorylation of
IP3 R2 is required for histamine-mediated calcium oscillations [18]. The direct
binding of multiple partner proteins to IP3 receptors such as the neuronal calcium
sensor 1 (NCS-1), Bel-2, and cytochrome C was also suggested to contribute to

the development of calcium oscillations [19].

Following IP3-mediated release of calcium from the internal store after activation of
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cell surface receptors, oscillations eventually run down because part of the released
calcium is pumped out of the cell by the plasma membrane calcium ATPase [4].
This rundown of calcium oscillation was not observed when cells were bathed in
a calcium-containing external solution, an event that was attributed to calcium

entry via store-operated calcium channels at the plasma membrane [4].

1.2 Store-operated calcium entry

The model of store-operated calcium entry (SOCE) was first introduced by James
Putney [20], who hypothesised that a pathway exists between internal stores and
plasma membrane channels. Emptying of the calcium stores will activate the
calcium channels at the plasma membrane as illustrated in figure 1.1. Consistent
with this, intracellular dialysis of cells with IP3 resulted in the development of a
calcium current detected in patch-clamp experiments [21-24]. The introduction of
thapsigargin as a non-reversible selective inhibitor of the sarco/ER calcium ATPase
(SERCA) pump strongly supports Putney’s model [25, 26]. Thapsigargin caused
the depletion of ER calcium, thus activating calcium entry via the store-operated
plasma membrane channels [27]. A few years later, Hoth and Penner described a
highly selective, inwardly rectifying calcium current following the depletion of ER
calcium stores called ICRAC [28]. The same current was subsequently described

in T cells by Zweifach et al. [29].

For several years, the mechanism through which the message is conveyed from in-
ternal stores to the plasma membrane remained elusive. First, the calcium influx

factor (CIF) was introduced as a soluble messenger that travelled from the ER to
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Store-operated calcium channels

Figure 1.1. Store-operated calcium channels signalling mechanism

(1) Binding of external agonist that links the Gg-signalling pathways to their
receptors on the surface of the cell will lead to (2) PLC activation and (3) hydrolysis
of PIP, . The cleaved PIP, will lead to the generation of (4) IP3 that will bind its
receptors on the ER, thus promoting (5) calcium release and accordingly cytosolic
calcium rise. (6) Some of the released calcium will be transported back to the
ER via the SERCA pump. (7) Eventually the calcium levels within the ER lumn
will drop and signal to the calcium channels at the plasma membrane to open.
Extracellular calcium entry replenishes stores and maintains the calcium signal
within the cell.
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the plasma membrane in T cells [30]. Thereafter, it was proposed that cGMP reg-
ulated SOCE in pancreatic acinar cells [31]. Tyrosine kinase was also proposed as
a diffusible messenger that controls SOCE in platelets [32]. Other hypotheses un-
related to diffusible messengers were also suggested that propose that the luminal
domain of IP3 receptors has a regulatory calcium-binding site and that its cyto-
plasmic domain interacted with the plasma membrane [33]. Not until 2005, when
the first of two components of SOCE were introduced, was the stromal interaction
molecule proposed as the ER sensor of SOCE [34, 35]. A year later, RNAi screen
studies in drosophila and the gene mapping of severe combined immunodeficiency
patients suffering impaired SOCE resulted in the discovery of Orail as the second
component of SOCE mediating calcium entry at the plasma membrane [36-38].
The STIM and Orai families of proteins are now recognised as constituting store-
operated calcium release-activated calcium (CRAC) channels. These channels are

the best characterised store-operated calcium channels [4].

1.3 Molecular components of the CRAC chan-

nels and their interaction

1.3.1 STIM proteins

STIM1 and STIM2 were discovered as potential candidates in regulating SOCE fol-

lowing the siRNA screening of a library of more than 2,000 proteins [34, 35]. Mam-

malians have two homologues of the STIM protein; namely, STIM1 and STIM2,

and SOCE was shown to reduce following the knockdown of STIM1, but not
23
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672-685 lysine-rich domain
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Figure 1.2. Schematic image showing the sequence domains of STIM1. cEF: canonical EF-
hand. nEF: noncanonical EF-hand. SAM: sterile-motifs. TM: transmembrane domains. CC:
coiled-coil regions.

STIM2 [35]. STIM proteins chiefly localise to ER as a single-pass transmembrane
protein, although reports of plasma membrane localisation for STIM1 have been
published [39]. Proximal to the N-terminus of STIM proteins and within the ER
lumen, STIM has two EF hands and a sterile alpha motif (SAM) domain. Only
one of the two EF hands has a calcium-binding domain: the canonical EF-hand
domain. The cytoplasmic end of the STIM protein is composed of three coiled-coil
domains, a proline-serine-rich domain, and a lysine-rich domain. Fig 1.2 shows a

schematic image of the STIM1 structure.

Following a substantial reduction of ER calcium, calcium dissociates from the
canonical EF-hand domain, resulting in the unfolding of both EF-SAM domains
with the oligomerisation of the protein. The oligomerised protein moves and clus-
ters close to the plasma membrane, specifically at ER-PM junctions where interac-

tion with the plasma membrane channel Orail occurs. Once the stores are refilled
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following calcium entry via Orail, STIM1 returns to its resting state [40]. Consti-
tutive oligomerisation and clustering of the STIM protein were observed following
the mutation of the canonical EF-hand domain [41]. Unlike STIM1, STIM2 was
reported to localise at the plasma membrane with modest ER depletion due to

different calcium affinities [42].

The STIM1 Orai-activating region (SOAR) is the domain of STIM1 believed to
interact with Orail and to facilitate calcium entry via Orai once the stores are
depleted [43]. The SOAR region of STIM1 consists of 98 amino acids extending
from the 344 - 442 amino acid sequence of STIM1 [43]. It was shown that the
SOAR region is inhibited by the coiled-coil domain of STIM1 when ER calcium
levels are high. Once the stores are depleted, the acidic residues of the STIM1
coiled-coil domain release the SOAR region, thereby enabling its interaction with
acidic residues within the carboxyl terminus of Orail [44]. For the activation of
CRAC channels, the ratio of STIM1 to Orail proteins was suggested to be crucial

to the activation of Orail [45].

STIM1 was also observed to mediate calcium entry via calcium channels other than
Orail. It was reported that STIM supports calcium entry via certain members
of the transient receptor potential cation (TRPC) channels [46], and also that
the STIM1 interaction with TRPC channels is an electrostatic interaction [47].
Moreover, STIM1 was found to regulate the arachidonate-regulated calcium (ARC)
channel, in which it is believed that following arachidonate release, STIM1 at the
plasma membrane interacts directly with ARC channels, thereby causing their

activation [48].

STIM2 is highly similar to STIM1, and most of the homology occurs at the amino
25
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terminus of the protein [49]. STIM2 was shown to be more sensitive to reductions
in ER calcium contents than STIM1 [42]. Accordingly, it was suggested that
STIM2 was more involved than STIM1 in the regulation of the basal levels of
cellular calcium. The role of STIM2 in regulating basal calcium is supported by
the finding that the overexpression of the protein led to constitutive calcium entry,

while its knockdown resulted in reduced levels of basal calcium [42, 50].

A few other differences in the structure of STIM2 compared to STIM1 were re-
ported, including the amino acid sequence of the inhibitory helix C-a-3 [51]. More-
over, it was shown that calmodulin binds to STIM2 at a different site to that of
STIM1 [52]. Lastly, the inhibitory domain of STIM2 responsible for calcium-
dependent inactivation also differs slightly in its amino acid sequences when com-

pared to STIM1 [53].

1.3.2 Orail

Mammalian species have three homologues of the Orai protein: Orail, Orai2, and
Orai3. The Orai protein has four transmembrane domains with two extracellular
loop regions that connect the first and second transmembrane domains, as well as
the third with the fourth transmembrane domain. Additionally, an intracellular
loop region connects the second and third transmembrane domains (fig 1.3) and
is thought to be conserved among all the homologues of the Orai protein [54, 55].
The intracellular loop was found to play an important role in the fast calcium-

dependent inactivation (FCDI) of the channel [56].
Both the Orai amino and carboxyl termini are located intracellularly as a continua-
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Figure 1.3. Diagram showing the basic structure of Orai. The four transmembrane domains
are shown in the image and labelled as TM1-4.

tion of the first and fourth transmembrane domains, respectively. The knockdown
of Orail was shown to substantially decrease calcium entry [54, 57], and follow-
ing store depletion, both Orail and STIM1 cluster and co-localise at the ER-PM
junctions [58, 59]. It was also shown that both the amino and carboxyl termini of

Orail interact with STIM1 [60].

The charged residues within the C-terminus of Orai were shown to interact with
STIM1 [61]. Specifically, amino acids 272-292 were found to interact with STIM1-
SOAR, and once deleted, the calcium current is lost [62, 63]. The other homo-
logues were also shown to contribute to calcium entry but only when strongly

overexpressed [64].

The amino terminus of Orail is thought to be crucial for the channel’s activation

[62]. Tt also proposed that the region proximal to the proline- and arginine- rich
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regions, that is the membrane-proximal N-terminal domain of Orail between amino
acid 68 and 91, plays a role in the FCDI of the channel and was found to bind
calmodulin in a calcium-dependent manner [65]. The fast inactivation of Orail
was attributed to the intracellular loop [56], while the acidic residues within the
transmembrane domains were linked to FCDI [66]. FCDI was reduced in cells in
which the negatively charged residues of the CRAC modulatory domain of STIM1

were mutated, indicating that STIM1 is also involved in FCDI [53].

In aiming to understand the basic structure of Orail selectivity towards calcium,
it was proposed that acidic residues in transmembrane domains play an essential
role in channel selectivity [66]. Two elegant studies that examined the pore struc-
ture of Orail concluded that the channel’s pore was formed by residues of the first
transmembrane domain, while the fourth transmembrane domain was the most
distal and outermost from the channel’s pore [60, 67]. E106 and E190 are acidic
residues in the first and third transmembrane domains, respectively, that are be-
lieved to mediate most of the channel’s calcium selectivity [67]. It was initially
reported that the channel was formed by a tetramer of Orai subunits, although
this was recently challenged, and it was reported that six subunits of Orail are

required [68, 69].

1.3.3 Orai2 and Orai3

The role of Orai2 and Orai3 in CRAC channels is unclear; contrary to observations
in Orail, the knockdown of Orai2 and Orai3 shows a modest reduction in CRAC
current [70, 71]. However, overexpression of Orai2 and Orai3 can lead to store-

operated calcium current [72].
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Following the discovery of Orail, it was found that Orai2 contributed to the devel-
opment of a calcium current upon store depletion [64]. Based on messenger RNA
expression levels, it was found that Orai2 is widely expressed in tissues where mast
cells are residing [73]. Orai2 has two splice variants in mice, one of which is be-
lieved to negatively regulate calcium entry [74]. Compared to Orail, Orai2 shows
slower FCDI [53], and the overexpression of the dominant negative mutation of
Orail was found to completely eliminate the calcium signal, implying that Orail
is necessary for the function of Orai2 [36]. By contrast, mast cells isolated from
Orail knockout mice were found to have a small CRAC-like current insensitive
to 2-APB, indicating possible mediation by Orai2 [75]. The lack of specific anti-
bodies against Orai2 has significantly impacted the progression of research related
to its pathophysiological role [76]. One study has concluded that Orai2 changes
its expression levels following the modulation of oestrogen receptor activity in

parathyroid tumour cells [77].

Like Orai2, Orai3 was shown to be widely expressed in mammalian species with
variable tissue distribution [78-80]. Added to the extracellular loop that connects
the third and fourth transmembrane domains of Orail, the cytosolic amino and
carboxyl termini of Orai3 are areas where the most differences in amino acid se-
quencing, compared to Orail, are observed [48]. The knockdown of Orai3 did
not affect the measured SOCE current in human embryonic kidney (HEK) 293
cells [64]. Other research groups have reported that Orai3 is capable of mediating
SOCE when Orail is knocked down, though at a lesser rate [81, 82]. The inacti-
vation kinetics of Orai3 were shown to be much faster [82], and unlike Orail, the

FCDI of Orai3 was suggested to be mediated by the channel’s C-terminus [83].
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Orai3 was linked to ARC channel activation via the binding of arachidonate to the
N-terminus of Orai3 [84]. Orai3 was found to be highly expressed in breast cancer
cells and to mediate SOCE [85]. Furthermore, the knockdown of Orai3 inhibited
proliferation of the cells via interference with the cell cycle [85, 86]. In some
haematological cells lines, Orai3 was found to induce apoptosis, and it is believed
that the active mechanism of tipifarnib, a farnesyltransferase inhibitor, occurs via
the activation of Orai3, thereby inducing the apoptosis of white blood cells [87].
While Orai3 plays a protective role in haematological malignancies, it was found
to also play a pathological role in vascular disorders. Orai3 was reported to be
upregulated in neointimal hyperplasia, in which it can induce vascular occlusive
disease [88]. In human lung mast cells, Orai3 was shown to contribute to the
inflammatory process and degranulation of mast cells following the activation of
the FceRlreceptor [89]. Lastly, Orai3 plays a major role in protecting effector
T-helper lymphocytes from reactive oxygen species at the site of inflammation

81).

1.4 CRAC channels and diseases

T-cell activation and proliferation are mediated by CRAC channels. It was shown
that blocking CRAC channels resulted in inhibition of T-cell activation and IL-
2 production [90]. Moreover, the expression markers of T-cell activation were
shown to be reduced when CRAC channels were blocked with the CRAC channel
blocker lanthanum [91]. Mutation studies have shown that both STIM1 and Orail

are involved in T-cell activation and cytokine production [92]. Furthermore, the
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release of mediators from cytotoxic T lymphocytes following interaction with non-
self cells was found to be mediated by calcium influx via CRAC channels [93].
T cells isolated from patients diagnosed with severe combined immunodeficiency
were observed to have an impaired store-mediated calcium entry and consequently
impaired T-cell activation and cytokine production. Moreover, both B cells and
fibroblasts isolated from the same patients also exhibited impaired store-mediated
calcium influx [94, 95]. Isolated STIMI mutations were observed to induce a
syndrome of immune deficiency that results in impaired immune cells, as well
as autoimmune haemolytic anaemia and thrombocytopenia [96]; the latter was
reported in patients lacking Orail [97]. Mice lacking STIM1 or Orail were shown
to die perinatally, a fact that was attributed to failed skeletal muscle development
[98]. Given the observed mortality in the early stages of mice development, several
approaches have been used to generate mutated STIM1 or Orail mice, such as
conditional gene targeting deletion [99]. Orail deletion in mice resulted in an
impaired allergic response due to defective mast cell activation and the release of

mediators following antigen linking to the FceRI receptor [75].

Myopathies were observed in patients lacking CRAC channel components [98]. An
in vitro investigation revealed the vital role of calcium entry via CRAC channels
in human myoblast differentiation [100]. Muscle tone was observed to be reduced
in patients with Orail mutation; it was also observed that affected infants and
toddlers showed a delayed onset of motor developmental skills [97]. A histological
analysis of muscle fibres showed defective fast-twitch muscle fibres [97], and con-
sistent with the role of CRAC channel components in muscle development, mice

lacking STIM1 were reported to show severe fatigability and contractility defects
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[101].

Ectodermal tissue development and differentiation were linked to calcium entry
via CRAC channels [97]. Patients lacking either STIM1 or Orail were reported
to have impaired tooth enamel formation, which was attributed to the impaired
calcification of the enamel layer [96]. Moreover, consistent with the vital role played
by CRAC channel components in ectodermal tissues, patients lacking Orail also

displayed dry skin, heat intolerance, and hypohidrosis [97].

The role of CRAC channels in the vascular system is well established, and the
proliferation and differentiation of vascular tissues were linked to the opening of
CRAC channels [6]. In smooth muscle cells isolated from rat aorta, the knockdown
of STIM1 and Orail significantly affected cell proliferation and migration [71]. The
repair process mediated by vascular smooth muscle migration following a physical
insult to blood vessels was shown to depend on STIM1 and Orail [102]. Animal
models of metabolic syndrome showed a greater expression of CRAC channel com-
ponents in vesicular smooth muscle cells, and the expression of STIM1 and Orail
diminished when risk factors of the syndrome were modified [103]. A significant
expression of CRAC channel components was also observed in the vascular bed
of rat models with hypertension, and the application of CRAC channel blockers

attenuated the muscles’ contractile force [104].

Primary platelets pathology is linked to bleeding and coagulating disorders. Knock-
out mice models of STIM1 showed impaired platelet activation and aggregation
after stimulating platelets with multiple physiological stimuli [105]. Similar to
STIM1 knockout mice, Orail knockout mice showed a reduced calcium signal,

though aggregation was impaired only in agonists that link to the tyrosine ki-
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nase pathway, not those that activate platelets via G protein-coupled receptors
(GPCRs) [106]. Furthermore, platelets of Orail-deficient mice were shown to play

no role in the formation of pathological thrombi [106].

The expression of CRAC channel components in endothelial cells from both arterial
and venous tissues has been confirmed, as has linkage between multiple physio-
logical functions of endothelial cells and CRAC channels [6]. The knockdown of
either STIM1 or Orail was shown to impair the proliferation of endothelial cells

isolated from the human umbilical vein [107].

It has also been proposed that CRAC channels play a role in cardiac hypertrophy,
and the knockdown of STIM1 was shown to protect against the hypertrophic
response induced by endothelin-1 [108]. Furthermore, the knockdown of STIM1
did not affect the size of muscle tissues when there was no stress and it attenuated

only the hypertrophic effect of phenylephrine [109].

It is exceptionally clear that calcium entry via CRAC channel components is linked
to multiple pathophysiological pathways and conditions. In this sense, further
knowledge of how calcium entry via CRAC channels is involved in activating mul-
tiple downstream effectors can expand the current understanding of all of the

diseases and pathological conditions associated with CRAC channels.

1.5 Pharmacology of CRAC channels

Given that CRAC channel components were discovered only recently, the avail-

ability of channel activators and inhibitors remains limited. To date, only one
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direct activator of the channels is known, namely 2-aminoethyl diphenyl borinate
(2-APB) [110, 111]. It was shown that using 2-APB in a range of 1-20 M induced
CRAC channel activation. The use of 2-APB in cells expressing Orai2 and Orai3
showed that Orai2 is insensitive to the application of 2-APB, unlike Orai3, which
showed greater sensitivity [112, 113]. 2-APB-mediated activation of Orai3 occurs
independently of store depletion, whereas the 2-APB-mediated activation of Orail
is suggested to be primarily store dependent [112, 114]. The observed range of the
2-APB-mediated activation of Orail and Orai3 was reported to differ, for while
1-20 uM is sufficient to activate Orail, Orai3 was activated only at greater concen-
trations (30-75 uM) [115]. Using a concentration of greater than 30 uM of 2-APB
inhibited Orail, which specified it as an Orai3 activator at these concentrations
[110, 111]. The 2-APB-mediated activation of Orai3 is thought to occur by in-
creasing the pore size of the channel, whereas enhancing the interaction between

STIM1 and Orail was proposed as the activation mechanism of Orail [115, 116].

Trivalent lanthanides such as La3* and Gd3* are potent inhibitors of CRAC chan-
nels [117]. Lanthanides are non-selective calcium blockers that can block both
voltage-gated calcium channels and TRPC channels [118]. Lanthanides interact
with the negatively charged amino acids of the first extracellular loop of Orail
[119]. Pyrazole derivatives were shown to be potent blockers of CRAC chan-
nels [120, 121], and three particular pyrazole derivatives were suggested to inhibit
CRAC channel activity, namely, BTP1, BTP2, and BTPT3; the second of which is
the most effective [121]. The half maximal inhibitory concentration of BTP2 was
found to be 10 nM, with prolonged pre-treatment providing better blocking [122].

The specificity of BTP2 for CRAC channels is greater than that reported for triva-
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lent lanthanides or 2-APB [118]. BTP2 has been suggested to inhibit CRAC chan-
nels by inhibiting the actin-reorganising protein, drebrin, which mediates CRAC
channel activation [123]. Synta was introduced as a specific potent CRAC channel
blocker in multiple cell types [124, 125, 125] and reported to be highly specific
towards CRAC channels, but exerting no effect on TRPC-1, TRPC5, TRPC6, or
TRPV4 [124]. The half maximal inhibitory concentration of Synta in RBL-1 cells
was reported to be 3 uM [125]. Though the mechanism of Synta’s inhibitory action

is poorly understood, it clearly had no effect on STIM1 puncta formation [124].

1.6 TRPC channels

Prior to the discovery of Orai channels as the chief component of CRAC channels,
TRPC channels were thought to mediate SOCE [126]. The deletion of the trp gene
was shown to attenuate calcium entry of the drosophila light-sensitive channels.
[127]. Further research identified the human homologue of the identified drosophila
TRP protein and was named TRPCI [128]. At present, there are six known
TRPC proteins in humans: TRPC1 and TRPC3-TRPC7 [129]. Based on the
sequence homology, TRPCs are categorised into one of two subfamilies; TRPCI,
TRPC4, and TRPC5 form one subfamily, while TRPC3, TRPC6, and TRPC7
form the other [130]. TRPCs are formed by transmembrane domains spanning
segments with a hydrophobic pore domain between the last two transmembrane
domains, and four TRP subunits are needed to form a functional channel [131].
The calcium selectivity of TRPCs is low compared to CRAC channels, and the
electrophysiological profile of TRPCs differs from that of CRAC channels [132,
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133).

1.6.1 TRPC3 channel

Special attention has been paid to TRPC3’s role in mediating calcium oscillations
[134, 135], which is also one focus of this thesis. TRPC3’s expression varies be-
tween organs, including the heart, lungs, brain, and pituitary gland [136]. TRPC3
is formed by 848 amino acids with a cytosolic amino terminus containing a dis-
tinctive ankyrin-like repeat domain, six transmembrane domains and a cytosolic
C-terminus [137]. It has been proposed that a functional channel is formed by
tetrameric complexes [138] and that endogenous TRPC3 shows continuous basal

activity attributed to the glycosylation of the channels amino terminus [139].

In addition to evidence implicating TRPC3 in SOCE, it is also reportedly activated
by the product of PIP; hydrolysis: diacylglycerol (DAG) [140]. Unlike the activa-
tion of TRPC3 by DAG, channel activation by store depletion remains controver-
sial. The ability of TRPC3 to respond to changes in calcium levels within internal
stores or to DAG was shown to depend on TRPC3’s interaction with other TRPC
channels [141]. Overexpression models of TRPC3 in the HEK 293 cell line and
neurons revealed that TRPC3 associates with TRPC6 and TRPC7 but not with
the other members of the TRPC family [142, 143]. The interaction of TRPC3 with
the members of its subfamily results in a complex of receptor-operated channels
[144]. As for the role of TRPC3 in SOCE, an intermolecular electrostatic interac-
tion was shown to occur between STIM1 and the amino terminus of TRPC3 [47].
More recently, it was found that TRPC3 does interact with TRPC1 and that the

interaction is necessary to form a complex of store-operated calcium channels [141].
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Another hypothesis regarding how TRPC channels contribute to SOCE suggested
that Orai-mediated activation of TRPC channels followed store depletion [145].
TRPC3 was also shown to interact with IP3 receptors, thus possibly enabling the

channel’s response to calcium level changes in the ER [19].

Similar to Orai channels, TRPC3 channels were shown to be inhibited by 2-APB
and the lanthanide gadolinium [146, 147]. Other more specific pharmacological
blockers of TRPC3 were also reported, including SKF96365, dye ruthenium red,
and Pyr3 [138].

TRPC3 was found to play a physiological role in many non-excitable cells. In store
independent pathways, TRPC3 was implicated in the activation of T cells [148]
and was shown to help to reduce atrial fibrillation by enhancing the proliferation of
fibroblasts [149]. TRPC3 was furthermore shown to partly regulate multiple pro-
cesses of endothelial cells [150]. Perhaps above all, the TRPC3 channel seems not
to be expressed in mast cells, though the heterologous overexpression of TRPC3 in
mast cells has identified multiple cellular functions which the channels can control

[151-153).

1.7 Mast cells

Belonging to the myeloid linage, which plays a crucial role in both types of immune
system, mast cells have been proven to play an essential role in many allergic con-
ditions and in anaphylaxis [154, 155]. Mast cells are long-living cells that originate
from CD34 pluripotent stem cells in bone marrow and mature in tissues under the

effects of stem cell factors, cytokines, and other factors in their tissue of residence.
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Accordingly, mast cells show variable functionality and heterogeneity according
to their final organ destination [156-158]. Mast cell number, distribution, and
activation change with several physiological conditions such as wound healing and
fibrosis, as well as with immunological and non-immunological chronic and acute

inflammatory conditions and infections [159].

How mast cells are directed to a particular organ or body area in which they will
reside is not fully understood. Immature mast cells migrate via blood and depend
on multiple factors, including the expression of certain chemotactic receptors, in-
tegrins, and adhesion molecules on the surface of mast cells [160]. For example,
in addition to Interleukin-3 (IL-3) and stem cell factor (SCF), alphadbeta? («4(37)
integrin was shown to be crucial in attracting mast cells to the small intestine
[161]. The expression of the chemokine receptor type 2 on the surface of mast
cells was deemed essential to direct mast cells towards lung tissue. Moreover, the
interaction of a4 integrins with the endothelial vascular cell adhesion molecule 1
was also found to be critical for mast cell migration towards the lungs [162]. At
the same time, chemokine receptor type 3 was shown to play a role in localising
mast cells at synovial tissues and was consequently involved in the pathogenesis
of rheumatoid arthritis [163]. Moreover, it was suggested that resident mast cells
release mediators that attract immature circulating mast cells to certain body
areas. For instance, leukotriene By secreted from activated mast cells following
exposure to an antigen, was shown to attract immature mast cells to the lungs.
Such sensitivity to B4 as a chemotactic factor was shown to decrease as the mast

cells aged [164].

Mast cells primarily localise at skin and surface mucosa proximal to body orifices
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such as the respiratory mucosa, bladder mucosa, and gastrointestinal mucosa [165].
Also reported is the fact that mast cells abound in connective tissue surrounding
muscles, glands, and vascular tissue [166]. In mice, it was shown that the con-
tents of granules and types of expressive receptors differed between mucosal and
connective tissue mast cells, and accordingly, mast cells were classified as mucosal
or connective tissue mast cells [167]. In humans, mature mast cells are classified
differently depending on the contents of the granules, not the histological loca-
tion of the cells. Chymase- and tryptase-containing cells were classified as one
subtype, while cells with only tryptase were classified as another [168]. Though
those two subtypes of human mast cells represent most of the mast cell popula-
tion, a third subtype was identified in asthmatic patients that contains tryptase

and carboxypeptidase A3 [169].

Mast cells interact with their surrounding environment via multiple receptors such
as NOD-like receptors, Toll-like receptors, Fc receptors, and leukotriene receptors
[170, 171]. Upon activation, mast cells release a significant amount of mediators
from secretory granules in addition to other substances that immediately become
active [172]. The size of mast cell granules is large up to 1,000 nm. Once activated,
mast cells may secrete up to one thousand granules. Compared to the well-studied
secretory system in neurons, mast cells take minutes to release all of their con-
tents, while the same event takes a fraction of a second in neurons. The recycling
of these granules also takes a considerably long time, estimated to last a day, if not
more [172, 173]. Mast cells’ secretory granules have been shown to contain multi-
ple mediators such as amines, proteoglycans, and proteases. Among the amines,

histamine is the most abundant, well-recognised mediator, while heparin and chon-
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droitin sulphates are identified stored proteoglycans. Finally, proteases containing
granules were shown to contain tryptase and chymase [174]. More specific me-
diators were also revealed to be released by mast cells, including transforming
growth factor-B, tumour necrosis factor-o, and both anti- and pro-inflammatory
cytokines [175]. The choice of secreted mediator is thought to depend on the ac-
tivated receptors on the mast cell surface [174]. The process of mediator release
can be classified into two main categories based on the amount of released granule
contents: piecemeal degranulation (PMD) and anaphylactic degranulation (AND)
(176, 177].

Mast cells are considered to provide an excellent model for studying calcium sig-
nalling in non-excitable cells. Many earlier discoveries of molecules, channels,
and organelles that regulate calcium levels in cells occurred in mast cells [178].
RBL-2HS3 cells constitute a rat cell line isolated from RBL-HR+, a subline of cells
isolated from rat tumour growth following the subcutaneous injection of leukemic
cells [179]. Although the hematopoietic lineage of mast cells and basophils differs,
significant functional similarity between the two is reported, and the RBL-2H3 cell
line is often referred to in the literature as a mast cell line [180]. RBL-2H3 cells
expressed closer similarity with mucosal mast cells than connective tissue mast
cells [180]. The human mast cell line (HMC-1) and murine P-815 mast cells were
shown to be comparable to RBL-2H3 in many functional aspects [181]. Accord-
ingly, RBL-2H3 is believed to constitute an excellent in vitro model for studying

and understanding mast cell physiology.
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1.7.1 Mast cell activation

Mast cells participate in the immune response following their activation by several
agonists. Mast cells are activated after challenging their receptors with an agonist
that links to the PLC pathway, thereby causing the release of calcium from inter-
nal stores with the consequent opening of CRAC channels [155]. Calcium entry
was shown to be essential for mast cell activation [28, 132]. The immunoglobulin
E (IgE)-mediated activation of mast cells via the high-affinity FceRI receptor has
been investigated for years. Aside from the antigen-mediated activation of mast
cells, many other stimulants used the PLC-mediated release of calcium. Chal-
lenging receptors forming G protein-receptor complexes with agonists such as the
adenosine receptors and cysteinyl leukotriene (CysLT) receptors lead to the release

of calcium by linking to PLCB [3, 182, 183)].

Mast cells have been used to establish a connection among changes in the levels of
intracellular calcium and the initiation, maintenance, or inhibition of crucial cel-
lular functions, including growth and survival, the initiation of the inflammatory
response, degranulation, and chemotaxis [178, 184]. The calcium-mediated acti-
vation of mast cells was described as early as the 1970s, when histamine release
was found to be dependent on calcium entry in rat peritoneal mast cells [185].
This finding was further supported by the observation that histamine release was
inhibited following the use of lanthanum (La®" ) to block calcium entry [186]. The
introduction of calcium-sensitive fluorescent dyes further elucidated the role of cal-
cium entry in mast cell activation [187]. Responses to chemotactic stimuli such as
Cbha and C3a, leukotriene production, and cytokine release in mast cells were also

linked to calcium entry [188-190]. Calcium entry via CRAC channels was further-
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more shown to be important for mast cell activation, for cells isolated from animal
models lacking Orail showed profound defects in degranulation and cytokine pro-
duction [75]. Mast cells lacking STIM1 also showed impaired antigen-mediated
activation of transcription factors such as NF-kappaB (NF-B) and the nuclear fac-
tor of activated T cells (NFAT) [191]. Pharmacological blockers of Orail in cells
isolated from lung tissue showed reduced mast cell activation and impaired cy-
tokine and leukotriene production [192]. Lastly, c-Fos-dependent gene expression

in mast cells was revealed to depend on calcium entry via CRAC channels [3].

Understanding how mast cells are activated is of great importance. Although
mast cells are known for their participation in asthma and atopic conditions in
general, they have recently been shown to also contribute to the pathogenesis of
other conditions, including non-atopic inflammatory conditions such as prostatitis,
arthritis, and inflammatory bowel disease [193-195]. Mast cells were also shown
to be associated with cancer, as a histological analysis of tumours showed an
abundance of immune cells from both lineages, including mast cells [175]. The
presence of mast cells within tumour tissue is, however, considered to be a poor
prognostic indicator [171]. Tumour cells secrete a stem cell factor that binds
to its receptor on mast cells, inducing their settlement and maturation in and
around tumour cells [196]. Fibroblast growth factor 2 and the vascular endothelial
growth factor were reported to be released by mast cells, thereby producing more

aggressive tumour cells [197].
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1.8 Leukotrienes and leukotriene receptors

CysLTs are a group of lipid mediators whose response occurs via binding with
CysLT receptors. CysLTs are produced following phospholipase A2 liberation of
the cell membrane phospholipid, arachidonic acid. Available arachidonic acid is
oxidised by 5-lipoxygenase, which is activated by the 5-lipoxygenase-activating pro-
tein (FLAP) to 5-hydroperoxyeicosatetraenoic acid (5-HPETE), which becomes re-
duced to leukotriene A4. Leukotriene C4 synthase converts the unstable leukotriene
A4 to leukotriene C4 [198, 199] and y-glutamyl transpeptidase or y-glutamyl
leukotrienase prompts the conversion of LTC4 to LTD,4. LTD, is then converted
to the more stable leukotriene, LTE, , by dipeptidase [200, 201]. Calcium entry
through CRAC channels is essential for the production of LTC, via the recruitment
of cPLA2 and 5-lipoxygenase [189, 202, 203].

Agonists evoking a response through CysLT receptors have been linked to allergic
conditions such as asthma and allergic rhinitis [204, 205]. CysLTs were reported
to abound in secretions isolated from the upper respiratory tract of patients suf-
fering allergic rhinitis [204]. Moreover, atopic asthmatic patients showed up to
a five-fold increase in their cells’ ability to produce CysLTs compared to control
subjects [206]. Levels of LTE, isolated from urine samples of asthmatic patients
correlated with the severity of asthmatic attacks [207]. In support of the role of
CysLTs in the development of asthma, it was shown that using specific block-
ers of CysLT receptors improved the symptoms of acute asthmatic attacks [208].
CysLT's were also implicated in the pathogenesis of chronic obstructive pulmonary
disease (COPD). The addition of the specific CysLT receptor blocker montelukast

in the standard therapy of COPD showed symptomatic improvement in both the
43



CHAPTER.1

short and long terms [209, 210]. The pathogenesis of chronic spontaneous urticaria
was also revealed to be primarily caused by the presence of multiple inflammatory

mediators, including leukotrienes [211].

CysLTs exert their effect by binding to CysLT receptors. CysLT receptors are part
of the rhodopsin subfamily of GPCRs [205], a large family of receptors known for
their seven distinct transmembrane-spanning domains and their association with
guanosine triphosphate (GTP)-binding proteins [212]. Both receptors are linked
to the Gq pathway that leads to phospholipid hydrolysis and eventual calcium rise
in cells [213]. Once activated, GDP is replaced by GTP at the Go subunit of the
G protein, resulting in the dissociation of the Go subunit and GBy subunits [214].
Earlier studies identified the presence of two CysLT receptors [215], although the
homology between the CysLTs was reported to be only 38% [216]. The expression
of the two receptors seems to vary among different tissues, with CysLT-1 expressed
mainly in respiratory tissues and CysLT-2 in the conduction system of cardiac cells,
vesicular cells, and respiratory tissue [216]. Both receptors were expressed in cells
derived from the myeloid lineages of hematopoietic cells, including mast cells [216].
Affinities to CysLTs between the two receptors are not identical, for CysLT-1 has
a higher affinity for LTD, than LTC,, while CysLT-2 shows equal affinities for
both LTD, and LTC4[217].
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1.9 Polyphosphoinositide and phosphatidylinos-

itol synthesis

The inositol ring of myo-inositol is composed of six hydroxyl groups that are phos-
phorylated at D1, D3, D4, and D5 positions, by which they yield phosphatidyli-
nositol and the seven polyphosphoinositides (fig 1.4). Polyphosphoinositides are
seven members of the same family generated from the phosphorylation of phos-
phatidylinositol (PI). PI is generated from the phosphorylation of myo-inositol at
the D1 position of the inositol ring. The phosphate group at the D1 position of
phosphatidylinositol is linked via a phosphodiester bond to the DAG backbone

[218).

The synthesis of phosphatidylinositol occurs in the ER, where myo-inositol and
CDP-DAG are converted to PI by the action of phosphatidylinositol synthase
219, 220]. CDP-DAG is produced from both phosphatidate cytidylyltransferase
(CTP) and PtdOH by the action of CDP-DAG synthase [220].Myo-inositol comes
from three sources: myo-inositol-3-phosphate synthases’ action on glucose- 6-
phosphate [221],the recycling of inositol produced following stimulation of the cell
with an agonist linked to the PLC pathway [222] and the entry of exogenously
synthesised inositol into the cell via plasma membrane inositol transporters [223—
225]. Exogenously synthesised inositol gains entry into the cells through one of
three known transporters: Nat /myo-inositol co-transporters 1 and 2 and HT -
myo-inositol symporters [223-225]. In addition to the ER, the plasma membrane
is also suggested to host PI synthesis, following the observation that PI synthesis

in red blood cells isolated from turkeys occurred there [226, 227]. In support of PI
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Figure 1.4. Illustration of polyphosphoinositide and phosphatidylinositol synthesis pathway

and the enzymes required for each step.
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synthesis in the plasma membrane, PI can be isolated from the plasma membrane
of fractionated cells [228, 229]. Synthesised phosphatidylinositol depends on PI

transfer proteins for their distribution within the cell [230].

The percentage and availability of phosphoinositides in relation to overall cellular
phospholipids varies. The most available phosphoinositide is PI, followed by PI4P
and PIP,, which however constitute only 0.2-1% [231]. PI(3,4,5)P3, and PI3P

thus form a fraction of the estimated available amount of PIPy and PI4P [232].

1.10 PIP,

Although PIP, represents only roughly 1% of all cellular phospholipids, it has been
linked to an array of physiological functions within cells [231]. Part of PIP;’s
versatile activity relates to its ability to either produce downstream effectors or to
directly interact with multiple partner proteins and effectors. PIP5 has been linked
to numerous cellular processes and functions in different cell types, and was shown
to be involved in regulating cell migration and polarity, membrane trafficking, and

gene expression [233-236].

PIP; was also shown to directly modulate calcium levels within cells by interacting
with multiple calcium-specific pumps, transporters, and channels. The plasma
membrane calcium ATPase pump was shown to be regulated by the cellular levels
of PIP, [237]. Furthermore, the sodium-calcium exchanger was also shown to be
regulated both directly and indirectly by PIPs levels in cardiac cells [238]. Multiple
voltage-gated calcium channels such as L-type channels, N-type channels, and

P/Q-type channels were shown to be directly regulated by cellular PIP; levels
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[239-241]. Nearly the entire TRP family of channels, including TRPC, TRPM,
and TRPV, was shown to be either directly or indirectly regulated by PIP, [242].
For CRAC channels, it was reported that a reduction of PIP; and PI4P levels
attenuated calcium influx via Orail [243]. The percentage of PIP, in detergent-
resistant membranes compared to that of the detergent-solubilised membranes
was suggested to govern the interactive process between STIM1 and Orail [244].
Pharmacological inhibition and the knockdown of PI4K were reported to inhibit
CRAC channels mediating calcium influx [245]. Further research has shown that
the polybasic domain of the C-terminus of STIMI interacts with PIP, and that

the reduction of PIP; levels reduces STIM1 puncta formation [246].

The role of PIP; in regulating immune cells such as T cells, macrophages, neu-
trophil granulocytes, and lymphocytes has been established [247-250]. Specifi-
cally, PIP, was shown to play an essential role in mast cells, whose treatment
with methyl-§ -cyclodextrin was shown to shift PIP; from one cellular domain to
another, as well as to impair the activation of cells following stimulation with
an antigen [251]. Furthermore, antigen-mediated calcium oscillations in RBL-
2H3 cells were shown to depend on PIP,; production via the activation of rho-
GTPase CDC42 [252]. Moreover, PI4KIIa was found to mediate PIP, production
at the plasma membrane of mast cells, which contributed to the maintenance of
antigen-mediated downstream signalling [253]. Following antigen stimulation, dif-
ferent PIP5K1 isoforms catalysed the generation of functionally distinctive pools
of PIP;y at the plasma membrane [254]. The role of PIP;in exocytosis in mast
cells has been thoroughly investigated, and the reduction of PIP, levels within

the plasma membrane via an agonist signalled through the PLC pathway was
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shown to be essential for exocytosis in mast cells [255]. Myristoylated alanine-
rich protein kinase C substrate (MARCKS)-mediated regulation of exocytosis was
proposed to occur through the sequestration of PIP, [256]. The interaction of the
neuronal calcium sensor and PI4KIIZ was demonstrated to be important for the
generation of the PIP, pool required for antigen-mediated exocytosis [257]. The
ADP-ribosylation factor 1 (ARF1)-mediated regulation of PIPs levels following the
activation of mast cells with an antigen was shown to mediate exocytosis [258],
while a reduction in PIP5Kif-specific PIP; in mast cells isolated from knockout
mice PIP5KIf showed an augmented degranulation response and cytokine release

following cross-linking of FceRI with an antigen [259].

1.11 Phosphoinositide kinases and their cellular

functions

In this section, I review the kinases involved in the synthesis of polyphospho-
inositides by emphasising the ones either directly or indirectly implicated in the
synthesis of PIP, . Depending on the site of their action, phosphoinositide kinases
are classified into two groups: Pl-kinases that act directly on PI, resulting in the
production of PI3P, PI4P, and PI5P, and PIP kinases that induce the production

of PIP; via PI4P and PI5P [218].
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1.11.1 Pl-inases

PI4Ks

PI4Ks catalyse the production of PI4P from PI and are classified into type II
and type III. Both types are further subdivided into types Il and B and types
IIa and B [260]. Most of our understanding of PI4KIIlo derives from its yeast
orthologue, STT4 [261]. In eukaryotes, PI4KIIla has been linked to the production
of PI4P from PI in cultured cells and the generation of agonist-mediated calcium
signalling [260, 262]. The location of PI4P synthesis was suggested first to take
place in the ER and Golgi apparatus, though synthesis in the plasma membrane
has been recently suggested [263, 264]. The distribution of PI4KITIo was shown to
be localised mostly in the brain [265]. PI4KIIIa was suggested to play a significant
role in controlling the infectivity of hepatitis C by enhancing its replication rate

[266).

The subcellular localisation of PI4KIIIB occurs primarily in the Golgi appara-
tus [267] and was shown to be regulated by calcium-sensitive NCS-1 and ARF1
268, 269]. A nuclear localisation of PI4KIIIB was proposed, though without any
clearly understood role regarding its nuclear function [267]. Similar to PI4KIIIa,
PI4KIIIB is thought to be crucial for the replication of certain RNA viruses, in-

cluding hepatitis C [270].

The subcellular localisation of PI4KIIa and 3 is shown to vary with its associa-
tion with all cellular membranes, including vesicular ones [271-273]. Due to the
localisation of PI4KIIs in cellular membranes, it was suggested that both PI4KIIa

and B are essential to clathrin-mediated endocytosis [274]. PI4KIla was shown to
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be involved in the regulation of epidermal growth factor receptors, and when the
expression levels of PI4KIla were reduced, receptor degradation became inhibited
275]. PI4KIIo was also shown to regulate the lysosomal delivery of - glucocere-
brosidase [276]. The activation of the two enzymes via associated partner proteins
has not been investigated, although PI4KII3 was shown to be directed towards
the plasma membrane and activated through its association with Rac-GTP [272].
PI4KIIa-lacking mice were prone to the early development of degenerative central
nervous system pathologies [277], though attempting to link PI4KIla to neuronal

degenerative pathologies in humans was unsuccessful [278].

PIKfyve

PIKfyve mediates the conversion of PI into PI5P by phosphorylating position 5 of
the hydroxyl group on the inositol ring [279]. Having been discovered only recently,
PI5P and its synthesising enzymes remain largely unexplored [280]. In fibroblasts,
PI5P was shown to be involved in the osmotic response pathway, since PI5P levels
changed upon cell exposure to osmotic shock [279]. T-cell auto-inhibition by the
adaptor molecules Dok-1 and Dok-2 was demonstrated to be associated with and
regulated by PI5P [281], while glucose metabolism via insulin was suggested to be
regulated by PI5P via modified GLUT4 translocation [282, 283|. Lastly, changed
levels of the inhibitor of growth protein-2 in the nucleus were associated with

similar changes in PI5P levels [284].
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Class III PI 3-kinase (PI3KC3)

Most of our knowledge of PI3BKC3 stems from its yeast orthologue, VPS34 [285].
PI3KC3 causes the generation of PI3P upon phosphorylating the 3 position of the
inositol ring on PI. PI3P is known for its association with FYVE finger proteins
[286] and has accordingly been localised at early endosomes via its association
with the FYVE finger domain of EEA1 [286]. Class III PI3K has been implicated
in the regulation of autophagy in muscle cells [287] and, via its association with

beclin 1, was suggested to play a role in suppressing tumour growth [288].

1.11.2 PIP-kinases

Unlike PI kinases, most PIP kinase activity is thought to be localised at the plasma
membrane. PIP kinases are classified as either type I or type II, as detailed below

[289).

Type I PIP-kinases(PIP5K1)

Type I PIP-kinases convert PI4P into PIP, by adding phosphate to position 5 of
the inositol ring [290]. Three identified isoforms for type 1 PIP kinases are known:
o, -B, and -y. Despite being encoded by different genes, the catalytic domain is
highly conserved among the three isoforms [291, 292]. Since the nomenclature of
the o and - isoforms of PI5K is not consistent between humans and rodents, the
human PIP5K1a is referred to as PIP5K1 and vice versa for human PIP5K1(.

Through this thesis I will be following the human nomenclature.

92



CHAPTER.1

In addition to PIP5K1a localisation at the plasma membrane, it has also been
suggested to associate with Golgi and nuclear speckles [293, 294]. Multiple func-
tions are mediated by PIP5K1a, though its role in the regulation of phagosomes
and phagocytic process has been the most investigated [290, 295-297]. The early
stages of phagosome development have been shown to depend greatly on PIP5K1a
and reduction in PIP5K1a levels to inhibit phagocytosis [295]. The knockout of
PIP5K1a was furthermore shown to inhibit opsonisation in bone-marrow-derived
macrophages [297]. Other functions such as membrane ruffling were also demon-
strated to depend on PIP5K1a interaction with Rac signalling [290], and PIP5K1a
was shown to contribute to calcium signalling in platelets following stimulation

with thrombin [298].

Unlike PIP5K1a, PIP5K1(3 has been suggested to be present exclusively at the
plasma membrane [290]. Moreover, PIP5K1f3 distribution within the body dif-
fers from that of PIP5K1a. Unlike PIP5K1a, which was mostly isolated from the
spleen, PIP5K1p was highly associated with skeletal muscles [290]. The role of
PIP5K1p is mostly linked to the regulation of cellular actin dynamics [299, 300]
and was found to contribute to the generation and maintenance of calcium sig-
nalling and the enhancement of the degranulation process in mast cells [254, 259].

PIP5K1p also plays a role in chemotaxis [301].

The vy isoform of PIP5K is the most studied isoform of all three. Special atten-
tion to PIP5K1y is partially attributed to its multiple splice variants. The three
splice visitants shared among all mammalian species are PIP51y87, PIP51v90, and
PIP51v93 [292, 302, 303], though additional variants are specific to either humans
or rodents [303, 304]. The distribution of PIP5K1y seems to be widely variable
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among the tissues from which is isolated, for PIP5K1y was successfully isolated
from brain, lung, and kidney tissues [292, 305]. PIP5K1y was also suggested to
serve a vital function in the organisation of focal adhesions and clathrin-mediated
endocytosis [306, 307]. Similar to PIP5K@B, PIP5K1y was found to contribute to

mediating the calcium signal in mast cells [254].

Type I1 PIP-kinases(PIP5K?2)

Type II PIP-kinases convert PI5P into PIP, by adding phosphate to the 4 position
of the inositol ring [280]. Generating PIP; by type II PIP-kinases is thought to be
minimal [308]. Similar to type I PIP-kinases, type II PIP-kinases are encoded by
three different genes that lead to three distinctive isoforms: o, -8, and -y [291]. It
is suggested that the -3 and -y isoforms dimerise with the highly active type II
PIP-kinases a and help to target it towards subcellular domains [44, 309]. PIPKII(
was shown to localise at both the cytoplasm and nuclear speckles with no specific
organ preference [309]. By contrast, PIPKIIy was found mostly in the epithelial
cells of renal tissue [310]. As the dearth of related studies indicates, the functional
role of type II PIP-kinases is poorly understood. In platelets, PIPKIIa has been
shown to mediate o granule secretions [311], while PIPKIIB was shown to interact
with several receptors and to modulate their activity, including the p55 tumour
necrosis factor receptor, the EGF /ErbB family of receptors, and insulin receptors

312-314].
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Type III PIP kinases/PIP5K3

Type III PIP kinases act upon phosphorylate PI3P at the 5 position of the inositol
ring, precipitating the production of PI(3,5)P5 . Most of our understanding of type
I1T PIP kinases has emerged from studies on its yeast orthologue, Fabl [315]. Type
IIT PIP kinases recognise PI3P via its FYVE domain [316]. The phosphatase Sac3,
which reverses the action of type III PIP, thereby causing PI3P generation, was
found to be necessary for the function of type IIT PIP kinases [317]. Type III PIP
kinases were shown to regulate certain stages of epidermal growth factor receptor

signalling and glucose metabolism [318, 319].

1.12 Regulation of phosphoinositide kinases by

partner proteins

PIP; localises mostly at the cytoplasm, though other subcellular localisation has
been reported at the Golgi apparatus, ER, and nucleus [320]. The spatiotemporal
organisation of PIPs levels within cells is thought to be mediated by the subcellu-
lar localisation of PIP, -synthesising enzymes and/or the interaction of PIPy with
partner proteins [321]. This dynamic is supported by the finding that multiple
distinct pools of PIPy and PI4P synthesised by different PIP kinase isoforms were
identified in the plasma membrane and Golgi apparatus [322]. Other evidence of
distinctive PIP pools is the enrichment in PIP, of certain plasma membrane areas
after the cell is stimulated with an agonist that links to the PIP, /PLC pathway

[323]. Since the subcellular localisation of PI and PIP kinases was discussed in the
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previous section, this section addresses the targeted localisation of PIPy synthesis

via PIP kinase-associated proteins.

Talin

Talin is an important protein found in focal adhesions, which are sets of scaffold-
ing and signalling proteins that enable communication between extracellular and
intracellular environments via the docking of the cellular integrin to the extracel-
lular matrix [324]. It has been suggested that small, distinct pools of PIP; are
synthesised via the interaction of talin and PIP5K1y [325, 326]. A large protein,
talin is composed of 2,541 amino acids [327] and has a globular head made of
an atypical FERM domain composed of three subunits: F1, F2, and F3 [327].
The phosphotyrosine-binding domain of the F3 subdomain activates and recruits
PIP5K1y to focal adhesions [326], while the globular head is connected via an 80
amino acid residue segment to a C-terminal rod with binding sites for vinculin and
actin [327-329]. In resting cells, talin is proposed to exist in an auto-inhibitory
state in which the rod interacts with the F2 and F3 domains of the globular head
(Fig 1.5). The local enrichment of PIPy by PIP5K1y and talin interaction was
shown to terminate this auto-inhibitory state, thus exposing all of its binding sites
on both the head and rod domains [321]. PIP; was found to first bind the F2
subdomain of the head, followed by the F3 subdomain [330]. Though talin has
been suggested to recruit PIP5K1y to focal adhesions, thereby leading to localised
PIP, synthesis that supports focal adhesion assembly, the opposite is proposed for
calpain, which is involved in the disassembly of the focal adhesion by the cleavage

of talin [321].
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Resting state

Active talin

o
o014 HH-E

or once activated (lower). The linker region (marked by the scissors) is the proposed cleavage
site of activated talin.

Racl

Racl belongs to the Rho family of small GTPases that switch from their acti-
vation state by binding with GTP and GDP [331]. Racl has been suggested to
play multiple roles and was demonstrated to be involved in cell proliferation and
division, actin dynamics, the translocation of nuclear factors, and cancer cell mi-
gration [332-335]. The deletion of Racl impaired T-cell development in mice [336].
Calcium-mediated Racl activation was shown to be important for platelet activa-
tion via stimulation with thrombin [337]. Moreover, Racl activity was suggested
to be modulated by the calcium sensor calmodulin via its calmodulin-binding do-
main, an interaction shown to be important for endocytosis [338, 339]. All three
isoforms of PIP5K1 were shown to be activated by Racl [340]. The localisation of
PI51Ka and PIP5KI1P at spatially different subdomains of the cell was found to
be mediated by Racl [331, 341].
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ADP ribosylation factor

ARF is a six-member family of small GTPase shown to regulate PIP, production in
distinct pools within the cell [321]. ARF1 and ARF6 are the most studied isoforms,
both of which were shown to be involved in PIP, production [342]. The generation
of PIP, within the Golgi apparatus was attributed to ARF1-mediated PIP5K1f3
activation [343]. In neuronal cells, PIP5K1y recruitment to the synaptic vesicle
membranes is mediated by ARF6 [344], while the recruitment of both PI51Ka and
PIP5K1p in ruffling membranes is mediated by ARF6 [345].

AP-2 adaptor complexes

Adaptor proteins are part of the clathrin coats of the endocytotic vesicles [346].
The involvement of PIP5K1y in regulating endocytosis in HEK 293 cells was sug-
gested to occur via its interaction with AP-2 [347]. Moreover, AP-2 was found to
activate PIP5K1y in neuronal cells and mediate its recruitment towards endocy-
totic vesicles [348]. In the monkey kidney cell line (CV-1), clarified that recruit-
ment of AP-2 into the membrane PIP5K13 was important for the endocytosis of

transferrin receptors [349].

1.13 Measurement of PIP, levels

The multiple cellular functions and roles performed by PIP; required the develop-
ment of tools for measuring and monitoring the dynamics of PIP; changes in cells
[350].
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The GFP-tagged PH domain of PLCS-1 (PLC81PH-GFP) is the most popular
method for tracking the changes of PIP; during live cell imaging or in fixed cells
[350]. Pleckstrin homology (PH) domains were shown to associate and recog-
nise multiple phosphoinositides [351], and the PLC31PH-GFP was found to bind
PIP, with relatively high specificity [352]. Unless tagged with glutathione S- trans-
ferase and visualised using electron microscopy, PLC51PH-GFP detects the levels
of PIP; only in the plasma membrane and endocytotic vesicles [320, 353]. The
function of PLC81PH-GFP as PIP; has been widely discussed, since its affinity
for TIP3 is considerably strong [354], a thought mostly based on the finding that
PLCB81PH-GFP translocation was reduced following agonist stimulation in the
presence of type-I 5-phosphatase [10]. One possibility attributed to this find-
ing is the elimination of calcium feedback on PLC [350]. The detailed anal-
ysis of PLC81PH-GFP translocation in response to PIP; and IP3 revealed that

PLC61PH-GFP is a reliable probe for monitoring changes in PIP; levels [350].

Debate over the specificity of PLC81PH-GFP has discouraged scientists from using
it, and the need for a more specific PIP, reporter prompted the introduction of
the tubby domain [355]. The tubby protein is a plasma membrane-bound protein
associated with the PIP, -binding domain named the tubby domain [356]. Stim-
ulating cells with an agonist that links to the Gq/11-PLC pathway revealed the
dissociation of the protein from the plasma membrane [355]. The characterisation
of the tubby protein as potentially specific to PIP, shows a possibly highly specific
probe [357]. One identified limitation of the tubby domain, however, was later
reported to be its high affinity for PIP, , which complicates detecting changes in

PIP, levels in physiological conditions [354, 358].
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Another method for visualising changes in PIP, levels uses the technique of patch-
clamp electrophysiology. A family of channels shown to be modulated by PIP; is
the inwardly rectifying potassium channels [359]. The open probability of the
channel was shown to depend on the availability of PIP,, and potassium current
runs down with the reduction of PIPy levels [360]. The affinity of PIP, seems to

vary and to depend on the agonist and individual potassium channel [359].

Lastly, one of the earliest methods for measuring changes of phospholipids within
cells was radiolabelling with phosphorus-32 or 3H-inositol, followed by phospho-
lipid separation by thin layer chromatography or high performance thin layer chro-
matography [361]. Mass spectrometry can also be used to monitor changes in
cellular phosphoinositides, though a great limitation lies in its inability to differ-
entiate PI4P from PIP, [362]. Though considered to be a reliable method, a few
limitations are associated with radiolabelling, including its high cost compared
with that of newly developed methods. Another limitation is that the informa-
tion gathered is based on a population of cells and not at the level of single cells.

Finally, radiolabelling facilities and TLC or HPLC are not always available [361].

1.14 Summary

Mast cells are an essential part of the innate immune system, which is the first line
of defence against non-self antigens prior to the activation of the adaptive immune
system. Mast cells are best known for their role in allergic responses, though have
recently been shown to contribute in multiple chronic diseases and cancers. Cal-

cium signalling in mast cells and the opening of CRAC channels were shown to be
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essential to mast cell activation and participation in immune responses. The role
of calcium signalling via CRAC channels in the production of PIP; through the
interaction with polyphosphoinositide kinases has never been investigated. Accord-
ingly, following the characterisation of CRAC channel components in the mast cell
line (RBL-2H3) and their role in mediating LTC, calcium signalling, this thesis ad-
dresses whether calcium entry via CRAC channels is involved in PIP, production

and thus the activation of mast cells following stimulation with lipid mediator

LTCy.
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Materials and Methods

2.1 Cell culture

The RBL-2H3 cells were a kind gift from Professor Shamshad Cockcroft (University
College London, London, UK). The cells were frozen in a cell-freezing medium at
passage 14 when they first arrived at Professor Parekhs lab. Accordingly, multiple
stocks were made and then the cells were frozen using a freezing medium and were
stored at the University of Oxford, in the Department of Physiology, Anatomy and
Genetics liquid nitrogen facility. Following thawing of the cells, they were passaged
twice prior to being used for any work. The culturing of cells was always done in
sterile conditions using a cell-culture laminar flow hood; cells were cultured every
3-4 days depending on the reached confluency. Finally, in all the experiments, no

cells beyond passage 30 were used.

The cells were routinely maintained in Dulbeccos Modified Eagles Medium and
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supplemented with 10% FCS and 1% penicillin-streptomycin. They were kept
in an atmosphere containing 5% COs; maintained at 37°. For calcium-imaging
experiments, patch clamp experiments and immunofluorescence experiments, the
cells were passaged onto 13-mm coverslips using 0.25% trypsin and used 48 hours

after passaging.

2.2 Cytoplasmic calcium measurements

Calcium measurements were performed utilising the ratiometric intracellular cal-
cium indicator Fura-2 AM. Plated RBL-2H3 cells on coverslips were washed twice
with standard external solution prior to loading with Fura-2 AM. All the ex-
periments were performed at room temperature, and the cells were kept in the
dark once loaded. RBL-2H3 was loaded with Fura-2 AM (4 uM) for 40 min-
utes in an external solution comprised of the following components: 145 mM
NaCl, 2.8 mM KCI, 2 mM CaCl, , 2 mM MgCl, , 10 mM D-glucose and 10 mM
HEPES (pH 7.4 with NaOH). The cells were then washed three times with the
same solution without Fura-2 AM and kept for 15 minutes prior to imaging for
further de-esterification. The calcium-free solution composition was similar to
the external solution, except that calcium chloride was substituted for 0.1 mM

ethyleneglycolbis-(3-aminoethylether)-N, N, N, N-tetraacetic acid.

For calcium measurement experiments, a Nikon Eclipse TE2000-U inverted micro-
scope equipped with an IMAGO CCD camera-based system from TILL Photonics
(Grafelfing, Germany) was used. The cells were excited at 356/380 nm alternately

with an exposure time of 20 ms and an acquisition every 2 s. Data were analysed
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after export to IGOR Pro (WaveMetrics, Lake Oswego, OR, USA).

The number of calcium oscillations was quantified in Igor Pro (WaveMetrics, Port-

land, OR, USA). Oscillations were considered if the Rpeak - Riase value was >0.1.

2.3 Knockdown and over-expression experiments

For both small interfering RNA (siRNA) and plasmid transfections, the Amaxa
electroporation system was used. The Amaxa cell line nucleofactor kit T was
used for the RBL-2H3 cells with Lonza electroporation apparatus. Approximately
100,000 cells were resuspended in 100 pl of the provided nucleofector solution in the
nucleocuvette along with 1 yg of the indicated plasmid or 30-50 nM of the siRNAs
and electroporated, using the X-01 program of the machine. Following this, cells
were plated onto coverslips in small petri dishes in antibiotic-free medium; 12 hours
later, medium was changed to an antibiotic-containing medium, and 24 hours later

the cells were used. All the used siRNA are listed in table 2.1.

‘ Gene Source Catalogue number ‘
STIMI silencer select, Pre-designed siRNA Life Technologies 4390771
STIM2 Stelth siRNA Life Technologies SR508429
Orail siRNA duplexes Origene Technologies SR508429
N-TARGETDplus Pip5klc siRNA - SMARTpool Dharmacon 1-100440-02-0005
N-TARGETplus Pip5kla siRNA - SMARTpool Dharmacon 1.-089298-00-0005
ON-TARGETplus Talin-1 siRNA - SMARTpool Dharmacon L-096661-01-0005
ON-TARGETplus Talin-2 siRNA - SMARTpool Dharmacon 1-101143-02-0005

Table 2.1. Used siRNA name and source
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2.4 Immunofluorescence

The RBL-2H3 cells seeded on coverslips were transferred to 6-well tissue culture
plates prior to experimentation. The cells were washed three times with phosphate
buffer saline, and then fixed using 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 25 minutes. Fixed cells were washed three times at 5-minute
intervals, then permeabilised using 0.5% Triton X-100 in PBS for 5 minutes. Fol-
lowing this, the cells were washed as described above. They were then blocked
using SuperBlock (PBS) Blocking Buffer for one hour at room temperature; 1:200
of primary antibody in PBS was added to the cells overnight in 4°C. The following
day, the cells were washed for 10 minutes at 10-minute intervals with PBS with
0.1% Tween 20 (PBS-T) buffer. Alexa 488 anti-mouse or anti-rabbit or Alexa 568
anti-rabbit conjugated antibody in 1:200 in PBS for 1 hour at room temperature
was added to the cells. Finally, the cells were washed three times with PBS-T at
10-minute intervals. Next, the cells were mounted onto microscope slides 76 x 26
mm using Vectashield Antifade Mounting Medium with DAPI. Clear nail polish
was applied to the outermost part of the coverslip to prevent its movement. Images
were obtained using the Inverted Olympus FV1000 Confocal system equipped with
a motorised stage. Images were obtained using 60 x oil objective of 1.3 numerical
apparatus and excitation at 488 or 568 nM. All the images were grouped according

to image size of 640*480 and step size of 4 microns along the z-axis.

Images were then opened with ImageJ and the multiple stacks were opened in a
single window using the z-project tab [363]. Fluorescence intensities were analysed

for each treatment and normalised to the maximum measured fluorescence.
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[ Gene Primer- sense (5'3) Primer- antisense (5'3’) Amplification length |
Orail AGTCCTCACCTTCCCACTGG GCCTCTTCCTTCCACACTCTG 133
Orai2 ACGCATCACAAGAGCCACAG TGCGAGGACAGGAGTATGGAG 82
Orai3 ~GCAACATCCACAATCTCAACTCTG ACCCAGCCCACCAAAACAAAC 92
STIM1 TGGAGCTGGCACAGTATCAG TGATTGTCCCGAGTCAACAG 181
STIM2 TAAGCTGTCTCGCTGCTTCA TGATTGTGGCGAGTCAAGAG 506

Pip5klo TACCTTTCACCTGGAGCTGG TCACTCTCCTCCCAAACACC 130
Pipbk1p GCTGCTTCTATTCATGGGCA CACAAGAGCTTTCCAGGAGTG 133
Pip5kly GGGAGGCCATTGAGACAGAT GCCACGCCCTTTCTTAGATG 278
Talin-1 TCGGAAGTGGCTTGTGTAGT GAGAACGCCCGAACTAAACG 122
Talin-2 GTGGCAGCTAGAGAAACAGC GGCTTCTTGGATGAGCATGG 153
B-actin - TTGTAACCAACTGGGACGATATG GATCTTGATCTTCATGGTGCTAGG 764

Table 2.2. RT-PCR primers

2.5 Reverse transcriptase polymerase chain re-

action

A QIAshredder was used for homogenisation of the cell lysate. Following this,
using the commercial RNA extraction kit provided by Qiagen, RNeasy Mini Kit,
total cellular RNA was extracted. The amount of RNA per sample was determined
by absorbance at 260 nm; this was measured using a NanoDrop Lite spectropho-
tometer (Thermo Scientific). The process of reverse transcription of 1 ug RNA was
achieved using an iScript cDNA synthesis kit. The produced cDNA was ampli-
fied utilising the GoTaq Green Master Mix. The product of the polymerase chain
reaction was separated by electrophoresis on 2% agarose gel. Ethidium bromide
staining was used for visualisation of the PCR products when placed under an
ultraviolet light. The nucleic acid sequence of the used primers and the cycling

conditions are listed in Tables 2.2 and 2.3 respectively. 2.2 and 2.3 respectively.

66



CHAPTER.2

‘ Gene Initial Denaturation  Initial Denaturation Annealing Extension Final Extension Hold
Orail ~ 95°C /300s/One cycle  95°C 30s 30 cycles  55°C 30s 30 cycles 72°C 30s 30 cycles 70°C 180s 1 cycle 4°C Forever
Orai2 95°C 300s 1 cycle 95°C 30s 30 cycles  54°C 30s 30 cycles 72°C 30s 30 cycles 70°C 180s 1 cycle 4°C Forever
Oria3 95°C 300s 1 cycle 95°C 30s 30 cycles  55°C 30s 30 cycles 72°C 30s 30 cycles 70°C 180s 1 cycle 4°C Forever
STIM1 95°C 300s 1 cycle 95°C 30s 30 cycles  55°C 30s 30 cycles 72°C 30s 30 cycles 70°C 180s 1 cycle 4°C Forever
STIM2 95°C 300s 1 cycle 95°C 30s 30 cycles  55°C 30s 30 cycles 72°C 30s 30 cycles 70°C 180s 1 cycle 4°C Forever

Pipbkla 95 C 300s 1 cycle 95°C 30s 30 cycles  60°C 30s 30 cycles 72°C 30s 30 cycles 70°C 180s 1 cycle 4°C Forever
Pip5k1p 95°C 300s 1 cycle 95°C 30s 30 cycles  60°C 30s 30 cycles 72°C 30s 30 cycles 70°C 180s 1 cycle 4°C Forever
Pip5kly 95°C 300s 1 cycle 95°C 30s 30 cycles  60°C 30s 30 cycles 72°C 30s 30 cycles 70°C 180s 1 cycle 4°C Forever
Talin-1 95°C 300s 1 cycle 95°C 30s 30 cycles  60°C 30s 30 cycles 72°C 30s 30 cycles 70°C 180s 1 cycle 4°C Forever
Talin-2 95°C 300s 1 cycle 95°C 30s 30 cycles  60°C 30s 30 cycles 72°C 15s 30 cycles 70°C 180s 1 cycle 4°C Forever
B-actin 95°C 300s 1 cycle 95°C 60s 30 cycles  56°C 30s 27 cycles 72°C 45s 27 cycles  70°C 180s 1 cycle 4°C Forever

Table 2.3. RT-PCR cycling conditions

2.6 Electrophysiological experiments

Pipettes were coated with Sylgard and fire-polished. The DC resistance of filled
pipettes ranged from 3 to 5 MS). Pipettes were filled with an internal solution
containing 145 mM potassium glutamate, 8 mM NaCl, 1 mM MgCl; , 0.10 mM
EGTA and 10 mM HEPES (pH 7.2 with KOH). The external solution was com-
posed of 120 mM NaCl, 20 mM KCI, 2 mM CaCl, , 2 mM MgCl12, 10 mM HEPES
and 10 mM D-glucose (pH 7.4 with NaOH). The inwardly rectifying K* current
was measured at 0 mV at voltage ramps spanning - 100 to + 100 mV in 50 ms.
The measured current was normalised to cell size by dividing by the cell capaci-
tance. All recordings were performed using the perforated patch clamp technique
using amphotericin B. Amphotericin B stock was mixed with DMSO yielding a
final concentration of 60 mg/mL and sonicated in a water-bath sonicator for 20
minutes. The pipette tip was backfilled with 0.30 mg/mL amphotericin B followed
by placing the pipette tip into amphotericin B-free standard internal solution for
5-7 seconds to prevent leaking of amphotericin B into the external solution prior to
sealing. Once a gigaohm sealing was achieved, access resistance was monitored un-
til it reached between 15 and 20 M2 and stabilised for 15 minutes. Once resistance

was stabilised, recording started.
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2.7 Western blots

Cells were washed gently three times with phosphate-buffered saline. The washed
cells were scraped using a cell scraper after the application of 70 ul of lysis buffer.
The lysis buffer was composed of RIPA buffer supplemented with protease inhibitor
cocktail, .01% Triton X-100, 10 mM sodium metavanadate, 1 mM phenylmethyl-
sulfonyl fluoride (PMSF). In cells pre-treated in calcium-free conditions, cOmplete
Mini EDTA-free tablets were added to the lysis buffer. The concentration of
protein per sample was identified using the DC protein assay kit as per the man-
ufacturers protocol. Using a heating block for 2 minutes at 95°C, 30 ug of protein
per sample was quantified and denatured; 30 ul of sample mixed with 2x Laemmli
sample buffer 1:1 along with 5 pl of PageRuler molecular weight marker was loaded
into 10% SDS-PAGE gel that was made 30 minutes prior to running the gel. The
gel ran for 90 minutes at 90v. Protein was next transferred into nitrocellulose
membrane using a semi-dry protein transfer apparatus provided by Biorad; 5%
non-fat dry milk in phosphate-buffered saline was used to block the membrane
for 1 hour at room temperature with mild agitation. The blocked membrane was
then washed once with a washing buffer and incubated with the primary antibody
1:2000 for 2 hours at room temperature. Following this, the membrane was washed
three times for 10 minutes per wash and then the secondary antibody 1:4000 in 5%
non-fat dry milk in phosphate-buffered saline solution for 2 hours at room temper-
ature. Finally, the membrane was washed again three times with 10 minutes for
each wash. Visualisation was accomplished by the use of enhanced chemilumines-
cence plus the Western blotting detection system. The films were scanned using a

conventional HP office scanner and the relative
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band intensities were analysed using ImageJ [363]. All the bands were normalised
to the correspondingf-actin levels, and all the values were normalised to the max-

imum intensity.

2.8 Statistical analysis

All experiments were performed on three independent occasions unless otherwise
specified in the text. Independent sample groups were first assessed for normality
and equality of variances. To compare single-group treatment, an unpaired t-test
or Mann-Whitney U test was used (StatsDirect v2.6.2, Sale, UK). Differences were
considered significant at p <0.05. All normal and log-normal data were presented
in the text and figures as mean + SEM, * denotes P<0.05, **P<0.01, ***P<0.001

and **** P<(0.0001.

2.9 Materials

2.9.1 Cell culture

Item Manufacturer Catalogue  Use/Purpose
Number

DMEM Dul- Life Technologies 41965-039 Maintain cul-

becco’s Mod- tured RBL-

ified Eagle 2H3 cells

Medium
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Penicillin- Life Technologies 15140-122 Supplement

streptomycin for cell cul-
ture medium

Fetal Bovine Life Technologies 10270-098 Supplement

Serum for cell cul-
ture medium

Cell Freez- Sigma C6164-50ML  Stocking of

ing Medium- cells

DMSO

Trypsin Life Technologies 25300-054 Cells dissoci-
ation during
cell culture
passaging

DISH Petri VWR International Ltd 25373-041 Tissue culture

35X10MM

easy-grip N-

TR PS ST

Corning Scientific Laboratory Supplies Limited 430167 Tissue culture

100mm TC-

treated cul-

ture dish
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Falcon Dis-
posable Petri
Dishes, Ster-
ile, Corning

(60 x 15 mm)

VWR International Ltd 25373-085

Tissue culture

Pipettor tip
Finntip 10
x 96 rack

1000uL

Thermo Scientific 10399310

Tissue culture

Finntip 250
Univer-

sal Sterile
Pipette Tips,
0.5 to 250 uL,

10x96 /rack

Thermo Scientific 25001-65

Tissue culture

Finntip Pipet
Tips 0.2 to

10uL; Pink

Thermo Scientific 9400310

Tissue culture

Centrifuge

Tube 15ml

Scientific Laboratory Supplies Limited SLS 352097

Tissue culture

Centrifuge

Tube 50ml

Scientific Laboratory Supplies Limited 734-0448

Tissue culture
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2.9.2 Calcium measurement

Item Manufacturer Catalogue Use/Purpose
Number

Fura-2-AM Life Technologies F1201 Ratiometric
calcium indi-
cator

Amaxa Cell Lonza VCA-1002 RBL-2HS3 cells

Line Nucleo- transfection

fector Kit T

Universal Neg- Life Technologies AM4611 Transfection

ative control of control cells

Coverslip Scientific Laboratory Supplies Limited 12392128 Preparation

13mm Diame- of cells for

ter imaging

2.9.3 Immunofluorescence

Item Manufacturer Catalogue Use/Purpose

Number

SuperBlock (PBS) Cell signalling 37515

Blocking Buffer

Blocking of cells for

IHC
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Anti-ORAI1 anti-
body produced in
rabbit

Santa Cruz Biotechnology Sc68895

Primary antibody

Anti-STIM2 anti-
body produced in
rabbit

Cell signalling

49175

Primary antibody

Anti-STIM1 anti-
body produced in
rabbit

Cell signalling

4916

Primary antibody

Anti-Pipbklc Anti-
body MAO-R1

Proteintech Europe

15713-1-AP

Primary antibody

Anti-Talin 1 anti-

body [8D4]

Abcam

ab157808

Primary antibody

Goat anti-Mouse
IgG Secondary An-
tibody, Alexa Fluor

488 conjugate

Life Technologies

A-11029

Secondary antibody

Goat anti-Rabbit
IgG Secondary An-
tibody, Alexa Fluor

488 conjugate

Life Technologies

A-11008

Secondary antibody
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Goat anti-Rabbit
IgG Secondary An-
tibody, Alexa Fluor

568 conjugate

Life Technologies

A-11036

Secondary antibody

VECTASHIELD
Antifade Mounting

Medium with DAPI

Euromex

PB.5150

Microscope slides

SEVENTEEN Last-

ing Fix Nail Polish

Boots

10088316

Coverslips fixation

2.9.4 Reverse transcriptase polymerase

chain reaction

Item Manufacturer Catalogue Use/Purpose

Number
RNeasy Mini Kit Qiagen 74104 RNA extraction
QiaShredders Qiagen 79654 Homogenisation of cells
iScript ¢cDNA synthesis Biorad 170-8890 RNA reverse transcrip-
kit tion
GoTaq Green master mix Promega M712 c¢DNA amplification
GenElute Mammalian Sigma GIN10-1KT Genomic DNA isolation
Genomic DNA Miniprep
Hyperladder IV Bioline BIO-33056 Molecular weight marker
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Ethidium bromide stain-  Sigma E1510 Nucleic acid stain
ing
Agarose Merck Millipore 193983 Agarose gel

2.9.5 Electrophysiological experiments

Item

Manufacturer

Catalogue Use/Purpose

Number

Glass pipettes

Hilgenberg, Germany — Patch clamp

SYLGARD 184 Sili-

cone Elastomer Kit

Dow Corning

— Coating of Glass

pipettes

Amphotericin B

MP Biomedicals

0219504380 Perforated patch initia-

tion

2.9.6 Western blots

Item Manufacturer Catalogue Use/Purpose
Number
DC Protein Assay  Biorad 500-0112 Quantification of

protein content
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RIPA buffer

Sigma

R0278

Cells lysis buffer

Sodium orthovana-

Sigma

P7626-250MG

Supplement for

date lysis buffers
Pierce Phosphatase Life Technologies 88667 Supplement for
Inhibitor Mini lysis buffers
Tablets

Protease Inhibitor Sigma, P8340 Supplement for
Cocktail lysis buffers
COmplete Mini, Roche Diagnostics 11836170001 Supplement for

EDTA-free, 25

lysis buffers

tablets

Triton X-100 Sigma T8787-100ML  Supplement for
lysis buffers

Skimmed milk Sigma 70166-500G Blocking agent

powder

40% Acry- Biorad 161-0148 Enhancement of

lamide/Bis Solu- molecular weight

tion protein separation

Nitrocellulose Cambridge Bioscience Ltd AC2106 Transfer of protein

Transfer in Western blot

Membrane- 0.45

uim
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Extra Thick Blot BioRad 170-3965 Transfer of protein

Paper, 7.5 x 10 cm, in western blot

60 sheets

Tris-Glycine Trans- Cell signalling 12539 Transfer buffer

fer Buffer

Tris-Glycine SDS Cell signalling 4050 Running buffer

Running Buffer

Tris Buffered Cell signalling 12498 Washing buffer

Saline

Tween 20 Sigma P7949 Supplement in
washing buffer

Anti-Talin 1 anti- Abcam ab157808 Primary antibody

body [8D4]

Anti-ERK?2 anti- Santa Cruz Sc-154 Primary antibody

body

Goat anti-mouse Santa Cruz sc-2005 Secondary anti-

HRP-conjugated body

Goat anti-rabbit Santa Cruz sc-2301 Secondary anti-

HRP-conjugated body

PageRuler molecu-  Life Technologies 26619 Protein marker

lar weight marker
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2.9.7 General chemicals and reagents

Item Manufacturer Catalogue
Number
Phosphate buffered saline tablets Sigma P4417
Ethanol (Molecular biology grade) Sigma E4884
Ethylenediaminetetraacetic acid (EDTA) Sigma E4884
D-(+)-Glucose Sigma G8270
Calcium chloride Sigma 21115
Hydrochloric acid Sigma 318949
2-mercaptoethanol 2-mercaptoethanol  31350-010
10x Phosphate Buffered Saline Biorad 161-0780
Methanol Sigma 322415
2-APB Tocris 1224
Calpain inhibitor II Sigma AV6060
Ethylene glycol-bis(2-aminoethylether)-N,N,N,N-  Sigma E3889

tetraacetic acid

Potassium chloride Sigma 63020
Magnesium chloride Sigma 63020
HEPES Sigma H3375
Wortmannin Sigma W1628
1-Oleoyl-2-acetyl-sn-glycerol (OAG) Sigma 06754
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Synta GSK —
YM201636 Cayman Chemical 13576
Caesium chloride Sigma C4036
Methyl--cyclodextrin Sigma C4555
BTP2 Tocris 3939
Gadolinium(III) chloride Sigma G7532
Lanthanum(III) chloride Sigma 449830
LTCy Merck Millipore 434692
PIP, diC8 (PI(4,5)P2 diC8) Echelon Biosciences P-4508
Unlabelled Shuttle PIP Carrier 3 Echelon Biosciences P-9C3
Phosphatidylinositol 4-phosphate diC8 (PI(4)P Echelon Biosciences P-4008
diC8)

Sodium chloride Sigma S7653
Thapsigargin Merck Millipore 586005
Sodium hydroxide Fluka C990R69
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Chapter 3

Characterisation of CRAC

channels components

3.1 Introduction

The main aim of this chapter is to characterise the molecular components of CRAC
channels in RBL-2H3 cells and their involvement in supporting calcium signals to
the physiological agonist LTC,. Understanding how calcium influx contributes to
the maintenance of calcium signals and the activation of mast cells has markedly
improved over the past several years, aided by the identification of the stromal
interaction molecules, STIM1 and STIM2, and the Orai family of calcium-selective

store-operated channels.

The two STIM proteins share significant homology, with the majority of differences

appearing in the amino and carboxyl terminals, which are discussed in detail in
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Chapter One. In comparison to STIM1, STIM2 has a lower affinity for calcium,
mediates a lower level of calcium entry and its connection to Orail is hindered by
cytoplasmic calmodulin. It has been suggested that STIM2 primarily functions
during basal calcium entry in response to external stimuli. In contrast, STIM1
activation necessitates a considerable reduction in the stores’ contents [42, 364

360).

It has been consistently shown that endogenous Orail mediates calcium entry via
CRAC channels in multiple cell types [367-369]. Accordingly, Orail has been con-
sidered the key component in mediating calcium entry via CRAC channels. While
focus has been on Orail, Orai3 has recently received noteworthy consideration.
Although Orai3 plays a role in mediating SOCE, there has been no observable ef-
fect on calcium signalling when co-expressing Oraid with STIM1 in HEK293 cells;
however, the calcium signal was successfully rescued in cells deficient in Orail [64].
In several reports, it was proposed that Orai3 mediates calcium entry in breast can-
cer cells, the cell lines of haematological cancers and in allergy and inflammation

responses [81, 86, 89], all of which will be discussed below

Studies have found that a knockdown of Orai3 reduced the proliferation and differ-
entiation of cancer cells and attributed this to the cells’ failure to progress beyond
G1 [85, 86, 370]. Contrary to the observations in breast cancer cells, activation of
Orai3 has led to apoptosis in acute myeloid leukaemia (AML) and multi-myeloma
cell lines. The anti-AML drug, tipifarnib, acts to induce calcium entry via Orai3,
and this finding is supported by the fact that 2-APB synergistically increases the
effect of tipifarnib, while gadolinium chloride inhibits its actions [87]. Further-

more, the role of Orai3 has been implicated in neointimal hyperplasia, and Orai3
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may be up-regulated in the synthetic phenotype of vascular smooth muscle cells
[88]. Orai3 has also been found to mediate calcium influx in store-independent
pathways, when stimulated with thrombin [88]. The described effect of throm-
bin is consistent with earlier descriptions of Orai3 being an integral sub-unit in

arachidonate-regulated Ca®" (ARC) channels [84, 371].

Pertaining to the current thesis, research suggests that Orai3 influences the inflam-
mation response. Knockdown of Orai3 in human mast cells, which were isolated
during a post-surgical resection of lung tissue, significantly reduced degranula-
tion to levels comparable to Orail knockdown [89]. Further evidence supporting
the involvement of Orai3 in allergic and inflammatory responses reveal how Orai3
maintains the function of effector T-helper lymphocytes when exposed to reactive
oxygen species at the site of inflammation. It has been suggested that reactive
oxygen species directly inhibit Orail channels by interacting with the cysteine
residue located at position 195, which is a process absent in Orai3 [81]. Addition-
ally, Orai3 expression levels are noted to be higher in effector cells when compared
to progenitors, and knockdown of Orai3 results in a marked reduction of calcium

influx [81].

The family of canonical transient receptor potential (TRPC) channels was intro-
duced as a possible player in maintaining store-operated calcium entry in different
cell types [372-376]. When the channel is ectopically expressed, the evidence for
the influence of TRPC channels on SOCE appears to depend on the channel’s
subfamilies and the origins of the cells [377-382]. In terms of placing the findings
in a physiological context, few studies have investigated whether TRPC channels

contribute to the development of calcium oscillations. In a human submandibular
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gland cell line, TRPC1 channels support carbachol-induced calcium oscillations,
along with Orail [383]. In HEK cells, it was suggested that TRPC3 maintains

methacholine-mediated calcium oscillations when Orail was blocked [134, 135].

Activation of G protein-coupled cysteinyl leukotriene (cysLT1) receptors on the
surface of mast cells with the pro-inflammatory factor LT C, leads to the release of
calcium through linking to phospholipase C. LTC, -mediated calcium oscillations
are characterised by early all-or-none repetitive calcium spikes on a low baseline.
The opening of CRAC channels is crucial in maintaining LTC, -mediated calcium
signalling [384]. CysLTs have been linked to bronchospasm, excessive mucus pro-

duction and improper T helper 2 cells response in asthmatic patients [385, 386].

The rat basophilic leukaemia (RBL-2H3) mast cell line is considered to be an
excellent model system for the study of allergy responses [180]. It has been sug-
gested that the functional and structural features of RBL-2H3 cells are observed
in differentiated mucosal mast cells [387, 388]. Multiple studies have researched
how calcium activation mediates inflammatory responses [187, 389-392]. Ounly a
few studies have addressed the role of SOCE-mediated calcium entry in RBL-2H3
cell activation [74, 89, 382, 393]. These studies looked exclusively at the roles
of STIM1/Orail or Orai2 in mediating SOCE by using various physiological and
pharmacological agonists. This chapter describes the profile of CRAC channel
components in RBL-2H3 cells and the roles these components play in mediating
LTCy -induced calcium signalling. The possible contribution of TRPC3 channels to
calcium oscillations, when challenging mast cells with LTC,, will also be examined.
By utilising the calcium-sensitive fluorescent dye Fura-2, pharmacological blockers

and small interfering RNA techniques, this study concludes that only STIM1 and
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Orail contribute to SOCE in RBL-2H3 cells and, therefore, the maintenance of

LTC, -mediated calcium oscillations.

3.2 Results

3.2.1 Expression of Orai and STIM protein transcripts in

RBL-2H3 cells

CRAC channel components have never been fully investigated in RBL-2H3 cells.
The expression levels of STIM and Orai proteins were investigated by utilising the
RT-PCR technique (Fig 3.1). Both STIM proteins were expressed. The expression
of STIM1 and STIM2 was expected, as the proteins act as calcium sensors and are
able to detect the depletion of the endoplasmic reticulum calcium stores [34, 35].

The expression levels of Orail, 2 and 3 were robust in RBL-2H3 cells (Fig 3.1).

3.2.2 Cytosolic calcium changes in response to physiologi-
cal stimulation of RBL-2H3 cells and the importance
of CRAC channels in maintaining oscillatory calcium

signals

In a physiological context, the pro-inflammatory LTC, binds to CysLT1 receptors
on the surface of mast cells and links to the PLC pathway, generating an oscil-
latory calcium response [394]. In a calcium-containing external solution, Fura-2

loaded RBL-2H3 cells, responded to LTCy by generating all-or-none repetitive cal-
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STIM1 STIM2 ORAII ORAI2 ORAI3

B-actin R el Y]

Figure 3.1. RT-PCR shows the presence of CRAC channel components in RBL-2H3
cells

Representative experiment showing the expression levels of STIM and Orai protein transcripts

in RBL-2H3 cells. The lower panel shows control 3-actin loading.

cium spikes (on a low baseline). The number of oscillations increased in a dose-

dependent manner (Fig 3.2A-H).

When cells were stimulated with a submaximal dose of LTC,4, which was found
to be 160 nM (Fig 3.2I), oscillations were retained throughout the experiment,
which typically lasted for ~ 800 seconds (Fig 3.3A). This response is typical of
the LTC,-mediated calcium signal observed in other mast cell lines [395]. To un-
derstand the importance of calcium entry in the calcium oscillations of RBL-2H3
cells, the cells were stimulated with the same dose of LTC,, while bathed in a
calcium-free solution. In contrast, cells stimulated in the absence of external cal-
cium showed a rapid rundown of calcium oscillations (Fig 3.3B). To confirm the
role of calcium entry in the oscillatory calcium response induced by LTCy, the cells
were pre-treated for 3 minutes with 10 uM of the calcium channel blocker La®™.
La3* is a non-specific calcium channel blocker that block CRAC channels, TRPC,
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in the presence of external calcium. (M) the number of oscillations was quantified from more

than 25 cells from two independent experiments and values were fitted with a Hill-type equation,
yielding an EC50 value of 160 nM.

TRPV and both L-type and T-type channels [118]. Research has shown that, in

the presence of external calcium, micro-molar concentrations of the trivalent cation

La®* blocked CRAC channels [396]. To determine the ICsq values for La®", cells

were stimulated with 2 uM of thapsigargin, which is a non-competitive inhibitor of

SERCA, in the absence of external calcium [397]. After calcium release, readmis-

sion of external calcium resulted in a cytosolic calcium rise due to store-operated
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calcium entry. Pre-treatment with La®" for 3 minutes resulted in a dose-dependent
reduction in the calcium entry signal (Fig 3.3C). Data were analysed and fitted to
yield an ICsq value of 0.45 uM (Fig 3.3D).

Application of LTC, to La3* pre-treated cells resulted in calcium oscillations that
ran down with a time course similar to that observed in a calcium-free solution, de-
spite the presence of external calcium (Fig 3.3E). Compared to cells stimulated in
a calcium-containing external solution, there was a 53.1% 4 5.5% reduction in the
number of oscillations in the La®" pre-treated cells during an 800 second recording
period; this percentage is similar to the 44.9% =4 2.3% reduction observed when
the cells were stimulated in a calcium-free solution. A reduction in the number of
oscillations was noticed 200 seconds after the cells began to oscillate, and no sta-
tistical difference in the number of oscillations was observed at earlier time points.
Although calcium entry is required for maintaining oscillations, this requirement
can be bypassed as it has been found that pre-treating cells with a milli-molar
dose of La3* will prevent calcium extrusion by blocking the plasma membrane
Ca?* ATPase pump and thus maintain repetitive calcium oscillations [394]. Ac-
cordingly, when the cells were stimulated with a submaximal dose of LTC,, in
the absence of external calcium, calcium oscillations were maintained because the
released calcium was actively transported back to the ER via sarco-endoplasmic
reticulum calcium transport ATPase (SERCA) pumps to be available for the next
[P3-mediated oscillatory calcium response (Fig 3.3F). Aggregate data from 3 in-
dependent experiments are shown in in Fig 3.3G. Although oscillations can be
maintained without any calcium influx, under these non-physiological conditions,

it is important to note that it is not the calcium oscillations but the spatially
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Figure 3.3. Cytosolic calcium changes in response to physiological stimulation
and the importance of CRAC channels in maintaining oscillatory calcium
signals

Representative calcium oscillations in RBL-2H3 cells (A) following the application of 160 nM
LTCy in the presence of external calcium. (B) dthe same concentration of agonist was used, but
calcium was absent from the bath solution. (C) CRAC-mediated calcium entry was blocked in
a dose-dependent manner, following pre-treatment with lanthanum, and the CRAC channel was
activated with thapsigargin with the addition of calcium. (D) Lanthanum dose inhibition curve.
(E) Oscillations in cells stimulated with LTCj in the presence of external calcium but pre-treated
with 10 uM lanthanum for 3 minutes in order to block CRAC channels. (F) Cells were pre-treated
with 1 mM of lanthanum for 3 minutes to prevent calcium extrusion, by blocking the plasma
membrane calcium ATPase pump and stimulating with an LTC, in a calcium-free solution. (E)

Collective data from more than 50 cells for each treatment are shown from three independent

experiments. Each bin number represents a period of 200 s.
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restricted calcium signals adjacent to the open CRAC channels that activate gene

expression in response to multiple transcription factors [398].

3.2.3 Orai3 does not contribute to the maintenance of the

oscillatory calcium response in RBL-2H3

To explore whether Orai3 contributes to calcium entry via CRAC channels in
RBL-2H3 cells, Fura-2 imaging experiments were carried out. Single-molecule
photo-bleaching studies have reported that stimulation with 2-APB activates the
channel in its dimeric state [399]. 2-APB is believed to potentiate Orai3 activity
by increasing the channel’s pore size thus promoting calcium influx without store
depletion [82, 115]. To test the potential involvement of Orai3 in LTC, -driven
responses, 2-APB was applied to RBL-2H3 cells bathed in an external solution
to activate Orai3 (Fig 3.4A). A large calcium rise occurred, demonstrating the
functional presence of Orai3d in these cells, consistent with the RT-PCR data of
Fig 3.1. To see if the Orai3-dependent response exhibited a different pharmacology
to that of Orail, I turned to Synta. This molecule is an effective inhibitor of Orail
[89, 125]. Consistent with this, pre-treatment with Synta for 5 minutes effectively
reduced the observed rise in cystolic calcium signalling, following the readmission
of calcium to cells pre-treated with thapsigargin, when compared to the control
group (Fig 3.4B). Aggregate data from 3 independent experiments are shown in
Fig 3.4C. In contrast to the Orail-mediated calcium signal, the calcium signal
observed following 2-APB application was not affected by the incubation of cells
with Synta for several minutes prior to the activation of Orai3 (Fig 3.4D). Data

from 3 independent experiments are shown in Fig 3.4E.
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Figure 3.4. The specific Orail blocker, Synta, has no effect on Orai3 activation

(A) Representative experiment in RBL-2H3 cells comparing the rate of Ca?T entry following the
application 75 pM 2-APB in the presence of external calcium. (B) The effect of Synta on calcium
entry via Orail is compared in control cells and cells pre-treated with Synta for several minutes
following depletion of internal store by thapsigargin and calcium application. (C) The rate of
Ca?T entry was quantified from three independent experiments and shown in the histogram. (D)
Representative experiment showing the rate of Ca?* entry following the application of 75 uM
2-APB in cells pre-treated with 10 yM Synta. (E) The rate of calcium entry was quantified from

three independent experiments and shown in the histogram.
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To explore the possibility of Orai3 playing a role in LTC,4 -mediated calcium os-
cillations, cells were pre-treated with Synta for five minutes prior to stimulation
with 160 nM of LTCy in the presence of external calcium (Fig 3.5A). The pattern
of the obtained calcium signal was comparable to that observed when control cells
were stimulated in the absence of external calcium, which resulted in a reduction
in the number of oscillations ~ 200-300 seconds after the cells began to oscil-
late (Fig 3.5B). The number of oscillations from 3 independent experiments were
quantified, and there were no statistically significance differences between cells
stimulated with LTC,4 and bathed in either a calcium-containing external solution
combined with Synta or in a calcium-free solution (Fig 3.5C). From this set of
experiments, it is clear that Orai3 does not contribute to the oscillatory calcium

signal activated by LTC,. Instead, Orail appears to be essential.

3.2.4 The role of Orail in maintaining LTC, -mediated cal-

cium oscillations in RBL-2H3

To investigate further the role of Orail expression on LTC, -driven calcium oscil-
lations, I turned to an siRNA knockdown approach. Protein levels were measured
using an immunocytochemistry technique. Analysis of the results showed a reduc-
tion in protein expression of ~ 60%, following knockdown of Orail (Fig 3.6A). A
summary of the aggregate data from 3 independent experiments, which included 40
cells, is shown in the histogram in Fig 3.6B. The rate of rise in the cytoplasmic cal-
cium signal was measured following the application of calcium to cells pre-treated
with thapsigargin and bathed in a calcium-free solution. The rate of calcium entry

in Orail knockdown cells was reduced by 55%, when compared to control cells
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Figure 3.5. Orai3 has no role in maintaining the oscillatory calcium response in
RBL-2H3

Representative calcium oscillations in RBL-2H3 cells (A) following the application of 160 nM of
LTCy in the presence of external calcium in cells pre-treated with 10 mM of Synta. (B) Control
cells were treated with the same concentration of LTC4 But with no Ca?* in the external solution.
(C) The number of LTCy4 -mediated calcium oscillations from three independent experiments were

quantified over a period of 800 seconds and shown in the histogram.

transfected with scrambled siRNA (Fig 3.6C, D).

The application of 160 nM LTC, in Orail knockdown cells induced repetitive os-
cillatory calcium signals that were similar to mock-transfected cells, with the ex-
ception that they ran down more rapidly and yielded a smaller number of total
oscillations (Fig 3.7A). Aggregate data from 3 independent experiments are shown
in the histogram in Fig 3.7B. The observed rundown of calcium oscillations could
not be attributed to changes in store calciuum content, because the calcium signal

induced by thapsigargin in Orail knockdown cells was comparable to the calcium
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Figure 3.6. Knock down of Orail in RBL-2H3 cells

(A) Orail protein expression images obtained using a confocal microscope in mock-transfected
cells and in those cells in which Orail had been knocked down (B) Histogram shows aggregate
data from three independent experiments (each bar is the average from 50 cells). (C) Represen-
tative experiment showing the average rate of Ca?* release and entry in mock-transfected cells
and in those in which Orail had been knocked down. Data from three independent experiments

were quantified and shown in the histogram in panel D.
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signal in mock-transfected cells (Fig 3.7C). Additionally, the number of calcium
oscillations induced by LTC, in Orail knockdown cells stimulated in an external
solution that lacked calcium was similar to the number seen in mock-transfected
cells (Fig 3.7D, E). Therefore, one can conclude that the quicker rundown of cal-
cium oscillations in Orail deficient cells is due to the loss of calcium entry. These
observed findings are consistent with observations of the RBL-1 cell line, in which
it has been found that Orail is responsible for mediating LTC, -induced calcium
oscillations and NFAT-driven gene expression [395]. Studies have also shown that
Orail is responsible for calcium influx in RBL-2H3 cells or human lung mast cells

stimulated with antigen [89, 393].

3.2.5 LTC,-mediated calcium oscillations are maintained

by STIM1 in RBL-2H3

To complete the profile of CRAC channels in supporting the oscillatory signal
of LTCy, the roles of STIM1 and STIM2 were investigated. First, an siRNA
approach was used to knockdown the proteins, and expression levels were assessed
by immunocytochemistry (Fig 3.8A,B). A reduction in protein expression of 50%
was achieved for both STIM1 and STIM2, when compared to mock-transfected

cells as shown in the corresponding histograms in Fig 3.8A and B.

When cells were bathed in a solution containing calcium and stimulated with a
submaximal dose of LTC,, there were fewer calcium oscillations in STIM1 knock-
down cells (Fig 3.9A and B). In contrast, knockdown of STIM2 appeared to have

no effect on the oscillatory signal and number of oscillations, which were compa-
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Figure 3.7. Role of Orail in LTC4 -mediated calcium oscillations in RBL-2H3 cells
Representative calcium oscillations in RBL-2H3 cells following stimulation with 160 nM LTCy, in
Orail knock down cell. Aggregate data from three independent experiments are shown in B. (C)
Rate of calcium release induced by 2 uM thapsigargin in wild type cells and in Orail KD cells.
(D) Representative calcium oscillations in the absence of external calcium in control cells and
(E) Orail knock down cells.
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Figure 3.8. Knocked down of STIM proteins in RBL-2H3 cells
(A) Representative images of Immunohistochemical staining of mock-transfected cells or knock-
down cells of STIM1 and STIM2 measured by fluorescence microscopy. Quantitative measure-

ments of mean florescence from two independent experiments for STIM1 are shown in B and for
STIM2 as shown in C.
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rable to those seen in mock-transfected cells (Fig 3.9C and D). It is important to
note that the reduction in oscillations seen in STIM1 knockdown cells cannot be
attributed to changes in intracellular stored content because knockdown of STIM1
had no effect on the calcium signal when the cells were stimulated in the absence

of external calcium (Fig 3.9E).

3.2.6 TRPC3 channels do not maintain the oscillatory cal-

cium response in RBL-2H3

Since the role of CRAC channels in supporting calcium oscillations induced by
LTC, has been established, whether other plasma calcium permeable channels
could imitate Orai in supporting the calcium signal induced by LTC, was exam-
ined. Members of the TRPC family of channels were originally sought as potential
candidates for SOCE, prior to the discovery of STIM and Orai proteins [400, 401].
Based on multiple functional and structural properties, TRPC are divided into
2 broad categories. The first category contains TRPC1, 4 and 5, while TRPC3,
6 and 7 form the second category [402]. The second category is believed to be

sensitive to diacylglycerides and not dependent on store depletion [403, 404].

TRPC3 channels were overexpressed in RBL-2H3 cells. To activate TRPC3, cells
were exposed to a cell membrane permeable analogue of DAG, namely OAG [403].
In cells bathed in a calcium free solution, 100 uM of OAG was applied, followed by
the addition of calcium to the solution. The application of OAG did not induce
calcium release when external calcium was absent, but the addition of calcium to

the bath solution caused a prominent calcium rise (Fig 3.10A). Following the same
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Figure 3.9. Role of STIM proteins in maintaining the oscillatory calcium signals

Representative calcium oscillation in a cell stimulated with a submaximal dose of LTCy in the
presence of 2 mM external calcium in (A) mock- transfected cell, (B) STIM1 knock down cell
or (C) STIM2 knockdown cell. Data from two independent experiments are analysed and shown
in D. Data from two independent experiments where mock transfected cells, STIM1 or STIM2
knockdown cells were stimulated with LTC, in the absence of external calcium, are analysed and

shown in the histogram in E.
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protocol but for non-transfected cells, the addition of calcium failed to induce any
rise in the calcium signal (Fig 3.10A). When calcium was directly applied, without
prior application of OAG, to TRPC3-transfected cells, no calcium rise was recorded
(data are not shown). To test the contribution of TRPC3 to calcium oscillations, a
blocker that effectively blocks Orail with no effect on TRPC3 needed to be found.
Using the above protocol, OAG was added to the cells bathed in a calcium-free
solution and calcium was readmitted, but following pre-treatment with various
calcium channel blockers. The rate of calcium entry was quantified from multiple
independent experiments and is shown in Fig 3.10B. The specific Orail blocker,
Synta, but not La3t or Gd** , failed to alter the rate of the TRPC3 mediated
calcium entry, as shown in Fig 3.10C. To test if TRPC3 can maintain and rescue
LTC, -mediated calcium oscillations in RBL-2H3 cells, following pre-treatment
with Synta to block Orail, TRPC3 over-expressing cells were bathed in a calcium
containing solution, and Synta was added for five minutes prior to stimulation
with LTC,. Oscillatory calcium responses were transient, and an early rundown

of the oscillations was clearly observed (Fig 3.10D).

Consistent with multiple reports, TRPC3 channels are permeable to calcium when
activated by OAG [203, 403, 405]. In this study, TRPC3 failed to support the

calcium signal when the cells were stimulated with LTCy.

3.3 Key findings of this chapter

e All CRAC channels components are expressed in RBL-2H3 cells.

e Challenging CysLLT1 receptors on the surface of mast cells with a submaximal
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Figure 3.10. TRPC3 do not maintain the oscillatory calcium response in RBL-2H3
(A) Ca?* influx signals in response to OAG for wild type cells and for cells expressing recombinant
human TRPC3 channels. (B) Aggregate data from two independent experiments showing the
effect of gadolinium, lanthanum and Synta effect on TRPC3-mediated calcium (C) Synta has
no inhibitory effect on Ca2+ influx signals in response to OAG for cells expressing recombinant
human TRPC3 channels when compared to Synta un-treated cells. (D) Blocking CRAC channels
with Synta in cells expressing TRPC3 in the presence of external calcium did not rescue the
oscillatory calcium response when cells were stimulated with LTCy .

dose of LTCy leads to the generation of calcium oscillations in RBL-2H3 cells.

e Maintenance of LTC, -driven calcium oscillations is dependent on calcium

entry via CRAC channels in RBL-2H3 cells.

e (Calcium oscillations were only dependent on calcium entry via Orail but not

Orai3 or other plasma membrane calcium permeable channels.

e Gating of STIM1 but not STIM2 to Orail was shown to be essential for the
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continuity of LTC, -driven calcium oscillations.

3.4 Discussion

Mast cells respond to variety of stimuli and have been used as a model to in-
vestigate IP3-mediated calcium oscillations with a particular focus on CRAC
channels role in supoorting these oscillations [369]. Although calcium entry via
CRAC channels was shown to be essential for mutiple stimuli in RBL-2H3 cells
(74, 89, 382, 393|, here I focus focus primarily on the role of CRAC channels

components in LTCy driven calcium oscillations.

Orai3 was expressed in both mast and T-cells, and is believed to mediate SOCE in
both human lung mast cells and marrow-derived mast cells [74, 81]. Vasopressin-
induced calcium oscillations in hepatocytes were shown to be partially dependent
on Orai3 [406]. Moreover, Orai3 was shown to contribute to the development of
calcium oscillations in HEK 293 cells when stimulated with an agonist that links
to the M3 muscarinic receptors [407]. These oscillations were shown not to be
solely dependent on Orai3 as Orail was suggested to be required in order to form
a functional calcium permeable pore by interacting with Orai3. My results point

towards no role of Orai3 in the LTC, driven calcium signal (Fig 3.5).

Orail was shown to mediate SOCE in mast cells and, when knocked down, sig-
nificantly reduce SOCE in response to thapsigargin, which is a non-competitive
inhibitor of SERCA pumps, or the cross-linking of antigens to type 1 Fc epsilon
receptors [75, 191]. Accordingly, I went on to examine the role of Orail in sup-

porting these calcium oscillations in RBL-2H3 cells, and measurements of the cyto-
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plasmic calcium signal were taken, in response to LTC, coupling to its receptors in
RBL-2H3 cells (Fig 3.7). I first utilised a pharmacological approach using Synta.
Synta is believed to be a potent Orail blocker [89, 125] and is compound 66 from
the WO2005/009954 A2 patent (3-fluoropyridine-4-carboxylic acid (2,5-dimethoxy
biphenyl-4-yl)amid). Consistent with the results here, Synta has been reported to
successfully block Orail in mast cells and other immune cells [125, 408]. The role
of calcium entry via Orail in supporting LTC, -driven calcium oscillations was fur-
ther confirmed by knockdown approach (Fig 3.7) and was in agreement with the
results obtained using synta. My findings are here are in agreement with what with
what has been reported for LTC, driven calcium oscillations in orail knockdown

cells in RBL-1 cell line [395].

Despite the fact that both STIM proteins are recognised as an ER calcium sensors,
it was proposed that they function differently in resting conditions and in response
to different physiological stimuli [395, 409]. Expression levels of STIM2 in RBL-
2H3 cells were lower than those of STIM1 (Fig 3.1). This finding is consistent
with with those described by Oh-Hora et al, where lower levels of expression of
STIM2, in comparison to STIM1, have also been observed in other immune cells
[99]. Challenging cysLT1 receptors induced calcium oscillations that recruited
STIM1 (but not STIM2) to open CRAC channels and support the continuity of
the calcium oscillations (Fig 3.8). These findings are consistent with previous
findings, as knockdown of STIM2 had no effect on the pattern or number of cal-
cium oscillations in HEK293 when stimulated with a muscarinic receptors agonist
[364]. On the contrary, knockdown of STIM1 was shown to induce oscillations

that were transient and comparable to those observed when cells were stimu-
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lated in calcium-free conditions [364]. More specifically, in RBL-1 cells, where
LTC, induced calcium responses via gating of STIM1 to Orail, it was proposed
that for CysLTs , unlike agonists that couple to the tyrosine kinase-coupled FceRI
receptors, LTC, mediated calcium oscillations were not mediated through recruit-
ment of STIM2 [395]. This finding was confirmed in various cell types, and the
agonist type was proposed as the main determinant of STIM protein recruitment

[410].

TRPC3 channels are activated by DAG generated by PLC activation [411]. Over-
expression of TRPC3 in RBL-2H3 cells failed to maintain the oscillatory calcium
signal when Orail was blocked (Fig 3.10). Two previous reports from the same
research group have successfully maintained the oscillatory calcium signal induced
by methacholine in TRPC3-overexpressing HEK cells [134, 135]. One possibility
for the observed discrepancy between my results and and those reported is that
the experimental protocol used in both studies differs to the one followed here;
the calcium blocker gadolinium was added more than 30 minutes after stimulation
with methacholine, whereas in my study, Synta was added prior to stimullation
with LTC4. Another explanation is that in contrast to LTC,, methacholine is
believed to be a potent agonist, thus possibly generating more active PLC [135].
Moreover, the subcellular localisation of PLC is known to be different depend-
ing on the tissue and agonist type [412-415]. Finally, the observed calcium rise
in methacholine stimulated HEK cells was attributed to ARC channels, which
are believed to induce ten-fold higher levels of the PLC when compare to CRAC

channels [416, 417].

RBL-2H3 cells express Orai2 (Fig 3.1). In agreement with this, Orai2 expression
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at the level of mRNA was previously observed in immune cells, such as B cells,
neutrophils and monocyte [418]. Orai2 is believed to play a minor role in the
SOCE of immune cells with two exceptions: (1) Orai2 was shown to be the primary
mediator in dendritic cells whose calcium entry was mediated by CRAC channels
[419], and (2) Antigen-mediated exocytosis of secretory granules is shown to be
dependent on Orai2 [420]. One limitation of the work described in this chapter is
omitting to examine the physiological role of Orai2. Unfortunately, I'm not alone
in disregarding Orai2 when examining CRAC channels’ function as Hoth et al has
shown that Orai2 has the lowest number of publications that investigate its role
when compared to the other Orai homologues and referred to it as the neglected
CRAC channel protein [73]. This was attributed to several reasons: one, is that
no specific antibodies or pharmacological activator of Orai2 have been described
to date, making it difficult to work with [75]. Moreover, early knockdown studies
of Orai2 that showed no major functional contribution to calcium entry via CRAC
channels in conjunction with the lack of identified physiological role in most cell
types and bodily tissues made it less attractive for many researchers to pursue

70, 73).

In this chapter I have investigated the physiological function of CRAC channels’
components in RBL-2H3 cells. Measurement of cytoplasmic calcium concentra-
tions, in response to stimulation of cysteinyl leukotriene type I receptors, suggest
that store-operated calcium entry is maintained via CRAC channels in RBL-2H3
cells. STIM2 does not maintain calcium oscillations, which supports previous re-
ports and strengthens the theory that STIM2 functions as a housekeeping protein

in resting conditions or in the presence of weak stimuli. Findings from small inter-
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fering RNA, in conjunction with pharmacological blockers of Orail and activation
of Orai3, suggest that Orai3d also plays no role in the physiological pattern of cal-
cium oscillation in RBL-2H3 cells. Finally, the calcium signal induced by Orail
could not be mimicked by overexpression of TRPC3 channels. This chapter con-
cludes that calcium oscillations are therefore critically dependent on Orail and
other plasma membrane calcium channels can not substitute it. My findings here
serve as a solid platform to go on and investigate the precise role of Orail in

supporting calcium oscillations.
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Chapter 4

Role of calcium influx through
CRAC channels in

phosphoinositide production

4.1 Introduction

In the previous chapter, I found that the maintenance of calcium oscillations in
RBL-2H3 cells was dependent on calcium entry via Orail channels. The aim of this
study is to better understand how CRAC channels are involved in receptor-driven
calcium responses; I investigate whether the opening of CRAC channels regulate

the production of cellular phosphoinositides.

Calcium oscillations in non-excitable cells are initiated following IP3-mediated

calcium release from the internal stores, which are mainly the endoplasmic retic-

106



CHAPTER 4

ulum [421]. Two models for the generation of calcium oscillations have been sug-
gested: (i) IPj3levels are constant but positive, and negative feedback of calcium
on the IP3 receptor will induce the opening and inactivation of the IP3 receptor;
(ii) TIP3 levels oscillate via positive and negative feedback of calcium levels on phos-
pholipase C [422, 423]. The opening of CRAC channels is an important modulator
of calcium oscillations, as there is a need for calcium entry to refill the internal
stores, as well as to provide a local increase of calcium signals, which are subse-
quently relayed to the nucleus to initiate calcium-dependent gene expression via

calcium-dependent transcription factors [394].

PIP, availability is crucial to the function of many ion channels, including CRAC
channels [243-246, 359, 372, 424, 425]. PIP, has been linked to cytoskeletal struc-
ture, secretion and exocytosis, trafficking of vesicles and gene expression [426].
Moreover, PIP; has been linked to and was suggested to have an essential role
in mediating allergies and inflammation [247-250]. It has also been linked to the
proliferation of lymphocytes following antigen interaction and in oxygen reactive
species production and chemotaxis in neutrophils [427]. PIP; has also been found
to play a role in mast cell function at multiple stages and pathways of the inflam-

matory process [252-254, 259].

PIP, is the most abundant phosphoinositide, constituting more than 1% of the to-
tal plasma membrane phospholipids [428]. Most of the PIP; present in the cell is
produced by the phosphorylation of phosphatidylinositol 4-monophosphate (PI4P)
by type I phosphatidylinositol-4-phosphate 5-kinases (PTP5KIs) [291, 292, 429].
The phosphorylation of phosphatidylinositol 5-monophosphate (PI5P) via the cat-

alytic action of type II phosphatidylinositol-5-phosphate 4-kinases (PIP4KIIs) con-
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tributes to the production of PIP; to a much lesser extent [280, 430, 430]. Fur-
thermore, the dephosphorylation of PI(3,4,5)P3 by phosphatase and tensin ho-
mologues on chromosome 10 (PTEN) also leads to the production of PIP, [431].
PIP, and its precursors are all members of the seven polyphosphoinositides family.
All the other polyphosphoinositides, including PIP; ; come from phosphatidylinos-
itol. Phosphatidylinositol is produced in the endoplasmic reticulum where its two
precursor synthesising enzymes are located: phosphatidylinositol synthase (PIS)
and CDP-diacylglycerol synthase (CDP-DAG synthase) [432]. Phosphatidylinosi-
tol’s two precursors are myo-inositol and CDP-DAG. Phosphatidate cytidylyltrans-
ferase (CTP) with PtdOH leads to the production of CDP-DAG by CDP-DAG
synthase [220]. Myo-inositol can be produced by glucose-6-phosphate via myo-
inositol-3-phosphate synthase [221]. Myo-inositol can also be recycled from the

produced inositol following the linking of agonists to phospholipase C [433].

In this chapter I find that LiCl treatment leads to a gradual inhibition of cal-
cium signalling, which is a consequence of reduction of PIP, and thus 1P levels.
LiCl is believed to inhibit two important mediators in the inositol re-synthesis cy-
cle, inositol polyphosphate 1-phosphatase (IPPase) and inositol monophosphatase
(IMPase) (Fig 4.1). IPPase catalyses the conversion of inositol 1,4-bisphosphate
(IP5 ) into inositol monophosphate (IP), and IMPase catalyses the conversion of
IP into myo-inositol [433, 434]. Surprisingly, the application of myo-inositol in
LiCl-pre-treated cells rescued calcium oscillations only when there was an influx
of calcium. This simple manipulation of PIP; levels has enabled me to directly
link CRAC channelss opening to regulation of the PI pathway. To confirm my

findings, in the last section of this project, the measurement of PIP; levels was at-
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Figure 4.1. The molecular action LiCl

The proposed molecular action site of LiCl within the inositol synthesis cycle.

tempted. The results here reveal a novel role for CRAC channel-mediated calcium
influx in the replenishment of the cellular PIP, pool, leading to prolonged calcium

signalling through the maintenance of calcium oscillations.

4.2 Results

4.2.1 Role of PIP; in agonist-mediated calcium oscillations

To understand the role played by PIP, in the oscillatory calcium signals generated
by LTCy, I hypothesised that pre-treating cells with LiCl should lead to a reduction
of PIP, levels within cells. This hypothesis is based on reports that LiCl interferes
with the phosphoinositide turnover mechanism, that is, the inhibition of [PPase

and IMPase by LiCl during the oscillatory response will lead to less inositol being
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available to PI4K and PI5K for conversion to PIP, [435]. To test this, cells were
first exposed to 10 mM LiCl for 90 min (less than the IC50 for LiCl in RBL-2H3)
see figure Fig 4.2 below. This dose is based on the initial protocol described by
Berridge et al, in the study where the inositol depletion hypothesis of LiCl was
first suggested [421]. Stimulating LiCl-pre-treated cells with 160 nM LTC, resulted
in an accelerated rundown of calcium oscillations (Fig 4.2A), with a reduction of
~35% in the number of oscillations in an 800-s recording period compared to the
control cells. In order to identify the ICs, for LiCl, RBL-2H3 cells were pre-treated
with 1 mM of La®* to block the plasma membrane Ca?* ATPase pump and were
stimulated with 160 nM LTC, following pre-treatment with different doses of LiCl.
Pre-treating cells with LiCl for 90 minutes resulted in a reduction in the number
of oscillations in a dose-dependent manner. Aggregate data are shown in Fig 4.2B.
Data were fitted with the Hill-type equation, which yielded an ICsq value of 16 mM
(Fig 4.2C). To rule out direct effects of LiCl on calcium entry or calcium release,
cells were stimulated with a maximum dose of thapsigargin, in a calcium-free
solution, and the rate of calcium release was monitored. Following this, a calcium
influx through CRAC channels was initiated by the readmission of 2 mM calcium
to the external solution. This suggests that LiCl did not affect the processes of
calcium entry or release (Fig 4.2D). Stimulation of cells pre-treated with LiCl (50
mM) with thapsigargin led to calcium release and influx that were similar to those
of the control cells (Fig 4.2D). Finally, to exclude a possible effect of the increase
in osmolarity of the solution with LiCl, the number of LTC,-mediated oscillations
was compared between cells in 50 mM of LiCl in a standard external solution
containing 155 mM of NaCl with those in a 105 mM NaCl external solution. No

difference was observed (Fig 4.2E).
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Figure 4.2. Role of PIP2 in agonist-mediated calcium oscillations

Representative calcium oscillations following the application of 160 nM of LTC, in (A) RBL-2H3
cells pre-treated with 10 mM LiCl in the presence of external calcium. (B) RBL-2H3 cells (n >25)
pre-treated with 1 mM of lanthanum and stimulated with LTC, in the absence or presence of
multiple doses of LiCl. Each bin number represents a period of 200 s. (C) Number of oscillations
was quantified and normalised to the number of oscillations observed in control cells. Values were
fitted with a Hill-type equation, yielding an IC50 value of 16 mM. (D) Representative experiment
showing the average values for the rate of calcium release and entry in control cells and in cells
pre-treated with 50 mM of LiCl for 90 minutes. (E) Aggregate data from more than 25 cells for
each group (N = 2) showing the number of oscillations with 50 mM of LiCl in normal standard

external solution containing 155 mM of NaCl and 105 mM of NaCl. Each bin number represents

a period of 200 s.
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4.2.2 Ruling out other sites of LiCl action on calcium sig-

nal

Pre-treatment with 15 mM of LiCl for 90 min resulted in an accelerated rundown
of calcium oscillations when the cells were stimulated with LTC, in the presence
of external calcium (Fig 4.3A). The rundown was similar to that seen in control
cells stimulated with LTCy in the absence of external calcium (Fig 4.3B). The
number of oscillations in cells pre-treated with 15 mM LiCl in a calcium-containing
external solution was reduced by 48.8%+4.07% in an 800-s recording period, which
is comparable to that seen when cells were stimulated with LTC, in a calcium-free

solution (44.9%=+2.3% reduction; Fig 4.3B).

These results would be consistent with the idea that the accelerated rundown
of the oscillations in LiCl is due to depletion of PIP; levels. However, 1 consid-
ered alternative possibilities: (i) that is due to LiCl interference with the initial
PIP, pool, thus affecting the ability of LTCy4 to activate PLC. To test this, I com-
pared the rate of rundown of calcium oscillations between LiCl-pre-treated and
untreated cells when stimulated with 160 nM LTC, in the absence of external cal-
cium (Fig 4.3C, D). (ii) It has been suggested that LiCl interferes with G proteins
[436], However, the results here clearly suggest no interference (Fig 4.3C and D)
. Furthermore, the response cannot be attributed to the effect of LiCl on calcium
levels within the internal calcium stores, as no difference in calcium release was seen
between the control cells and those pre-treated with LiCl following application of
1 uM ionomycin (Fig 4.3E). Aggregate values from three independent experiments

showed that there was no significant difference between the two groups (Fig 4.3F).
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Figure 4.3. Role out other sites of LiCl action on the calcium signal

(A) Representative oscillatory calcium response following stimulation with 160 nM of LTC, in
cells pre-treated with 15 mM of LiCl for 90 min.
the absence of external calcium. (C) Aggregate data from multiple experiments quantifying the
number of total calcium oscillations in 800 s with LT'C, treatment in the presence or absence of
external calcium in the control cells and cells pre-treated with LiCl. The data presented in the
figure represent more than 50 cells from four independent experiments. (D) Representative cell
showing LTC, induced calcium oscillations following pre-treatment with LiCl in a calcium free
solution. (E) Rate of ionomycin-induced calcium release in control cells and cells pre-treated

with 15 mM of LiCl for 90 min. Data from three independent experiments were quantified and

shown in the histogram in F.
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4.2.3 Rescue of agonist-mediated calcium oscillations in
lithium chloride pre-treated cells by treatment with

inositol

If the rundown of oscillations to LTC, in LiCl-treated cells is indeed due to PIP, depletion,
the addition of inositol should rescue the response. To test this, I applied 15 mM
inositol for 3 minutes prior to LTC, stimulation in the presence of external cal-
cium and 15 mM LiCl . I found that 15 mM consistently rescued the oscillations
(Fig 4.4A). Aggregate data comparing the number of oscillations from four inde-
pendent experiments are shown in Fig 4.4B. Surprisingly, inositol failed to rescue
the oscillations in LiCl-treated cells when there was no calcium influx (Fig 4.4C).
Aggregate data from three independent experiments are shown in Fig 4.4D. It is
important to note that inositol availability constitutes a rate-limiting step, as the
application of inositol in cells resulted in a 56.9%=+5.5% increase in the number
of oscillations over an 800-s recording period when compared to the control cells

(collective data from 28 cells from three independent experiments) (Fig 4.4E).

4.2.4 Importance of calcium entry for PIP; replenishment

The failure of inositol to rescue the calcium oscillations when there was no cal-
cium entry prompted us to examine the role of calcium entry in PIP, production.
I blocked CRAC channels using La3* in the presence of external calcium. The
complete block of CRAC channels with 10 pM of La*" resulted in a rundown of
oscillations in cells pre-treated with LiCl and stimulated with LTCy in the pres-

ence of external calcium and inositol (Fig 4.5A). To further support the findings
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Figure 4.4. Rescue of agonist-mediated calcium oscillations in lithium chloride pre-
treated cells by treatment with inositol

(A) Representative calcium oscillations in RBL-2H3 cells following stimulation with 160 nM of
LTC, in the presence of LiCl and 15 mM of myo-inositol. (B) Aggregate data from four or more
experiments quantifying the number of LTCy -induced calcium oscillations in 800 s. (C) A dose
of 15 mM inositol failed to rescue the LTC,-mediated calcium oscillations in the absence of
external calcium in cells pre-treated with 1 mM lanthanum and LiCl. (D) Aggregate data from
four or more experiments are presented. (E) Inositol pre-treatment in control cells increased the

number of oscillations by more than 50%.
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here, the specific CRAC channel blocker BTP2 was used. BTP2 is a pyrazole
derivative (YM-58483) that has been shown to effectively block CRAC channels
without affecting the contents of the internal calcium stores. [122, 437]. First,
BTP2’s effect on calcium entry via CRAC channels was tested, where cells were
incubated with BTP2 for three minutes in the absence of external calcium. Fol-
lowing this, a maximum dose of thapsigargin was applied, then calcium was added
to the bath solution. The rate of calcium entry in cells pre-treated with BTP2
when compared to the control cells showed a reduction of ~86%. Aggregate data
from two independent experiments are shown in Fig 4.5B. Consistent with that
observed when using La** to block CRAC channels, incubation with 20 uM of
BTP2 prevented the rescue of calcium oscillations by inositol (Fig 4.5C), therefore
inositol is not sufficient to rescue the oscillations and needs calcium entry through

CRAC channels. Aggregate data from four independent experiments are shown in

Fig 4.5D.

4.2.5 Measurement of PIP2 levels

To further confirm that the observed results is due to changes in PIP, levels, I

attempted to measure PIP; levels directly.

Inwardly rectifying potassium channels

The inwardly rectifying potassium channels channel (IRK) was examined and char-
acterised in both RBL-2H3 and RBL-1, and a robust current was observed in patch

clamp recordings [38,39]. The activation of IRK channels is dependent on the lev-
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Figure 4.5. Importance of calcium entry for PIP2 replenishment

(A) Blocking of CRAC channels with 10 uM of lanthanum resulted in the failure of inositol
to restore the LTCy-mediated calcium response when cells were pre-treated with LiCl in the
presence of external calcium. (B) Histogram quantifying the rate of calcium entry where CRAC-
mediated calcium entry was blocked following pre-treatment with 20 uM of BTP2 and CRAC
channel activation by thapsigargin and the addition of Ca2. (C) 20 uM of BTP2 resulted in the
failure of inositol to restore the LTC4 -mediated calcium response in a representative cell in the

presence of external calcium and LiCl pre-treatment . Collective data from four experiments (n

>50) are shown in D.
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els of phospholipids in the cell membrane [40]. PIP,is believed to activate the
channel by bringing the transmembrane domain closer to the cytoplasmic domain
where the phosphorylated head group and the fatty acid chain of PIP; bind the
cytoplasmic and transmembrane domains, respectively [41]. The approach of the
experimental protocol here was identical to that published [438]. The cells were
bathed in 20 mM potassium, and a potassium-based internal solution was used.
The current was measured at 0 mV for 50 ms at voltage ramps spanning - 100
to + 100 mV. To confirm that the observed current under these conditions is the
IRK current, application of 10 mM cesium to the external solution led to a quick
and complete inhibition of the current (Fig 4.6A). Cesium is considered to be a
potent and thoroughly investigated blocker of the IRK channel [439-441]. The ap-
plication of LTC, failed to induce any changes in the measured current, as shown

in Fig 4.6B (N=8).
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Figure 4.6. Measurement of the inwardly rectifying potassium current (IR ) in rat
basophilic leukaemia (RBL-2H3) cells

(A) Representative patch clamp recording showing the blocking of the observed current following
the local application of cesium to the external bath. (B) Representative patch clamp recording
following the stimulation of RBL-2H3 cells with 160 nM LTCy.

118



CHAPTER 4

The tubby domain

PIP, levels can be monitored using the PIP;-binding C-terminus of the tubby con-
struct. This protein was first identified in the tubby mouse, where it was found that
defects in the tub gene led to late-onset obesity. The protein is bound to the mem-
brane via binding to PIPy through its tubby domain [356]. The C-terminus of the
tubby domain binds to PIPy, PI(3,4)P, and PI(3,4,5)P3. Unlike the PLCdelta-
PH domain, tubby translocation is not affected by the downstream products of
PIP, hydrolysis [355]. Quinn et al. first developed the ¢YFP-R332H mutant by
conservatively mutating one of the head groups that binds PIP,. CYFP-R332H
is believed to be highly sensitive to PIPy and reversibly translocates in response
to many agonists [356]. RBL-2H3 cells were transfected with the (YFP)-tagged
R332H-tubby construct. In un-stimulated cells, the tubby domain showed a clear
cell membrane localisation with some cytoplasmic fluorescence (Fig 4.7A). Stim-
ulating the cells with 160 nM LTC, in the presence of external calcium had no
effect on florescence localisation (Fig 4.7B). Despite tubby’s high affinity to PIPs ,
it was reported that minor changes in PIP; levels could not be detected, therefore

I was unable to measure change in PIP; levels using tubby [354].

The GFP-PLC%1-PH domain

Considering the need for a probe with a lower PIP, affinity so that minor changes
in PIP; levels could be detected, T turned to the PLC31-PH domain construct [442,
443]. Similar to the tubby domain, in resting conditions the probe localised to the

plasma membrane (Fig 4.8A). When LTC, was applied in the presence of external

119



CHAPTER 4

Control 160 nM LTC,

Figure 4.7. Monitoring the localisation of the tubby domain in rat basophilic
leukaemia (RBL-2H3) cells

(A) Representative control cells showing the localisation of the tubby domain obtained using
a confocal microscope. (B) Stimulation with LTCy in the presence of external calcium had no

effect on the localisation of the tubby domain up to 20 minutes following stimulation.

calcium, there was a noticeable increase in cytosolic fluorescence following the
translocation of GFP-PLCG81-PH from the membrane to the cytoplasm (Fig 4.8B).
When cells were pre-treated with LiCl, either weak or no translocation of the
domain was observed when cells were stimulated in the presence of external calcium
(Fig 4.8C). Consistent with the calcium imaging results above, the addition of 15
mM inositol successfully rescued the signal, in that translocation of the domain was
observed in LiCl pre-treated cells when 160 nM LTC, was applied in the presence of
external calcium (Fig 4.8D). Blocking CRAC channels with 10 uM La®" prevented
the rescue of PIP, synthesis by inositol, as no translocation was observed following

stimulation with LTC, (Fig 4.8E).
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Figure 4.8. PIP2 monitoring in RBL-2H3 cells using the PLC381-PH domain

(A) The probe binds to PIP2 at the membrane. (B) Increase in cytosolic fluorescence following
translocation of GFP-PLCS-PH from the membrane to the cytoplasm. (C) LiCl blocked the
re-synthesis of PIP2 and no translocation was seen. (D, E) The addition of 15 mM of inositol led

to PIP2 re-synthesis and GFP-PLC3-PH translocation only when there was an influx of calcium.

Cytoplasmic florescence quantified from 40 cells for each treatment is shown in the histogram.
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4.3 Key findings of this chapter

o Pre-treatment of RBL-2H3 cells with LiCl led to the rundown of calcium

oscillations evoked by CysLT1 receptors.

e The inhibitory effect of LiCl is attributed to its action on phosphoinositide
levels and showed no interference with the initial PIP5 pool within cells or

calcium levels within the internal calcium stores.

e Inositol rescued the oscillatory calcium signal induced by LTCy in LiCl pre-

treated cells.
e The action of inositol was dependent on calcium entry via CRAC channels.

e The GFP-PLC81-PH construct proved to be sensitive enough to minor changes

in PIP; levels and confirmed the key findings of this chapter.

4.4 Discussion

The hydrolysis of PIP; into IP3 and DAG is crucial for cell surface GPCRs and
tyrosine kinase coupled ones that link to PLC, to relay an intracellular response
(433, 444, 445]. PIP; can be depleted by LiCl [446]. The molecular action of LiCl
has been well investigated since the early work of Allison et al. showing that
treatment of rats with LiCl led to a reduction in inositol levels with a build-up of
inositol monophosphate [446, 447]. The interference of LiCl with the inositol phos-
phate metabolism led Berridge et al. to develop an inositol depletion hypothesis

of LiCl, proposing that LiCl action was brought of out by inhibiting IP3-mediated
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calcium signalling [433]. Further research showed the build-up of d-Ins1P in cells
isolated from the cerebral cortex of rats treated with LiCl [448]. The last finding
is considered a key one in supporting the theory of LiCl’s effect on the inositol
cycle, as d-Ins1P is the product inositol of the PLC pathway (recycled inositol)
[449, 450]. Finally, in cultured cells, it was found that pre-treatment with LiCl
and stimulation of the cells with a strong agonist that links to the PLC pathway
significantly reduced cellular phosphoinositides [449, 451]. Thus, the observations
in this chapter where LiCl led to the rundown of calcium oscillations (Fig 4.2A and
B) and prevented the translocation of PLC31-PH into the cytoplasm (Fig 4.8C)

further support the theory of the inositol-depletion hypothesis of LiCl.

As LiCl blocks the last step in inositol synthesis, the addition of exogenous in-
ositol into the culture medium reverses the inhibition [451, 452]. In agreement
with this, I have found that the addition of 15 mM inositol into the bath solu-
tion rescued the oscillations in LiCl pre-treated cells (Fig 4.4A). The short time
needed for inositol pre-treatment in order to rescue the oscillations was surprising
(3 minutes). Inositol gains entry into the cells via three transporters, Nat /myo-
inositol co-transporter 1 and 2 and HT -myo-inositol symporter [223-225]. As
discussed previously, myo-inositol and CDP-DAG will lead to the production of
phosphatidylinositol. This process takes place in the endoplasmic reticulum or,
as it has been suggested recently, in highly mobile endoplasmic reticulum-derived
organelles [432]. A few reports have suggested the possibility of two pools for the
synthesis of phosphatidylinositol, one, in the endoplasmic reticulum and one in the
plasma membrane. Phosphatidylinositol synthesis in red blood cells isolated from

turkeys were found to be completely in the cell membrane [226, 227]. Furthermore,
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following cell fractionation, isolation of phosphatidylinositol synthase from plasma
membrane and ER fractions was successful [228, 229, 453]. My findings here might
point towards a plasma membrane synthesis of phosphatidylinositol, although a
more detailed examination of the expression levels and activity of the transporters

and kinetics of inositol transfer in mast cells is needed.

The hypothesis that calcium entry is necessary to replenish phosphoinositide is
based on (i) the failure of inositol to rescue the oscillatory calcium signal induced
by LTC, in the absence of calcium entry in cells exposed to La*" (Fig 4.4C and
D) and (ii) lack of rescue after blocking of calcium entry with a micromolar dose
of La*" (Fig 4.5A) in cells bathed in calcium and LiCl-containing solution. The
possibility that La3* might enter the cell and interfere with LiCl function has been
considered. In particular, the lanthanide cation, gadolinium, has been reported
to compete with magnesium for the metal binding sites on IMPase [454, 455].
However, there are four pieces of evidence against this: (i) When a hundred-times
higher dose of La3* (1 mM) was used in the calcium-free medium, LTCy-induced
calcium oscillations were observed over a period of 800 s, which indicates that
even if La3* were able to enter the cells and compete with magnesium over the
metal binding site, the effect was weak. (ii) IMPase cannot be co-inhibited by
La’* and LiCl, as the mechanism by which LiCl inhibits IMPase is different from
that of lanthanide cations, and LiCl forms a stable complex between the enzyme,
phosphate and lithium after hydrolysis of the substrate at the second metal site.
If the first metal binding site is occupied by lanthanide cations, hydrolysis or
unbinding of IP is unlikely. Consequently, no phosphate head will be available

for lithium binding [456]. (iii) No La** was detected within mast cells, assessed
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through binding to Fura-2 over the recording period of 800 s when the 1 mmol
dose was used [203]. (iv) Substituting La*" with the specific CRAC channel blocker

BTP2 to block calcium entry produced similar results (Fig 4.5C).

My data provide new evidence that the replenishment of PIP, levels requires cal-
cium entry via CRAC channel. The effect of calcium on polyphosphoinositides has
been reported before in the regulation of PI4KB by the neuronal calcium sensor-1
(NCS-1) [457]. PI4KB is one of four enzymes mediating the conversion of phos-
phatidylinositol into PI4P [271]. NCS-1 is a member of the calcium-binding protein
family of neurons [458]. Tt is believed that NCS-1 affinity for calcium is high and is
partially activated at resting conditions [459]. NCS-1 is shown to be activated and
to regulate PI4KB at ~400 nM of intracellular calcium, which is suggested to be
the threshold where NCS-1 overturns the inhibitory effect of calneurons [460]. It
has been reported that unlike PI4KA, PI4KB has no role in supporting the PI4P
in the plasma membrane and is localised to the Golgi complex [460, 461]. The re-
sults of this project introduce new evidence implicating calcium in regulating the
levels of polyphosphoinositides, but only with a substantial elevation of calcium

levels and in different cellular micro domains.

Only a limited understanding of phosphoinositides has been derived from the direct
intracellular measurement of these lipids [361]. This is due to two main reasons;
first, the low levels within the cells in comparison to the total cellular phospholipid
make it difficult to separate them from other components [462]. Second, the most
accurate methods in measuring phosphoinositide require radio-labelling followed
by high-performance liquid chromatography or isolation of intracellular organelles

and cellular membranes followed by fractionation of the lipid extracts [361]. All of
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these laboratory techniques are considered laborious and time consuming, and do
not provide information at the level of an individual cell. Three of the main modern
approaches to measuring phosphoinositides have been attempted in this project
[424]. T first monitored the PIPj sensitive inwardly rectified potassium current
[463]. The application of LTCy in the external bath solution failed to reduce the
current over the 10-minute recording period (Fig 4.6B). LTCy is believed to cause
modest calcium store depletion suggesting weak action of the PLC pathway [394].
Accordingly, failure of LTCy4 to inhibit the inwardly rectifying potassium (Kir)
channels was not totally surprising, as it has been reported that a certain threshold
of PIP; hydrolysis must be reached for the channel to close [424]. Moreover, the
results here are in agreement with other reports which failed to detect any changes
in the channels’ conductance [464, 465]. Stimulating neurons with bradykinin
failed to inhibit the channel [464]. Furthermore, in cardiac cells, endothelin-1

application induced no recordable changes in the channel’s conduction [465].

Similar to LTC, ’s effect on IRK, the application of LTCy in cells transfected with
the tubby protein had no effect on the localisation of the protein (Fig 4.7A, B). This
could be attributed to tubby’s reported higher affinity for PIP; and therefore the
requirement for strong PLC activation with a significant PIP; hydrolysis [354, 358].
Moreover, failure of tubby to translocate was not a unique phenomenon of LTC,.
It was reported that a physiological dose of Angll stimulation failed to stimulate
the tubby domain to translocate or induced a slower and partial translocation
[354]. Failure of YFP-tubby to translocate to the cytoplasm was also found in
neurons following bradykinin application, unless the B2 receptors were exogenously

overexpressed [358].
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PLC81PH-GFP proved to be sensitive and successful translocation of the domain
was reported upon stimulation with LTC4, Angll and bradykinin as well as here
[354, 358, 466]. There is one limitation that has been widely discussed regarding
PLCb1-PH. Since the interaction of PLC1PH-GFP and PIP; occurs via the phos-
phorylated inositol head group, IP3 could compete with PIP, , hence reducing its
specificity as a PIP, probe. This was discussed in detail by Varnai et al., with the
conclusion that under physiological conditions, PLC81-PH is a reliable PIP, probe
[350]. Furthermore, differences were noted between PLC31PH-GFP translocation
and IPj levels when measured concurrently [467]. Because I have used cells with
endogenous levels of receptors and have applied a sub maximal dose of LTC,4, my

conditions matched those seen physiologically, and therefore support the use of

PLCO81PH-GFP as a measure of PIP, .

The results in this chapter identified a new role for CRAC channels in mast cell
activation. By using cytoplasmic calcium ion imaging and specific fluorescence
PIP;, binding probes, I found that the inhibition of the cellular phosphoinositide
pool by lithium chloride led to the loss of the oscillatory calcium signal. Adding
the substrate inositol rescued the signal, but only when external calcium was
present. Pharmacologically blocking CRAC channels with a low concentration of
lanthanum chloride or BTP2 prevented the recovery of oscillations and transloca-
tion of PLC81-PH in LiCl-treated cells even when inositol was present. Therefore,
I conclude that the opening of CRAC channels and subsequent calcium entry is re-
quired for PIP; production and thus the maintenance of agonist-mediated calcium

signalling.
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The conversion of PI4P into

PIP> requires calcium entry via

CRAC channels

5.1 Introduction

In the previous chapters, it was established that calcium entry through CRAC
channels contributed to PIP, production and hence supported the oscillatory cal-
cium signals induced by LTC,in RBL-2H3 cells. This chapter aims to further
examine the mechanism by which calcium entry replenishes the amount PIP, .
Using specific pharmacological blockers and small interfering RNA, levels of PI4P,
PI5P and PIP; will be manipulated, and the impact on calcium oscillations will be
investigated. I further aim to pinpoint the specific PIP5K1 isoforms responsible

for the production of these polyphosphoinositides and to confirm the importance
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of calcium entry via CRAC channels in their function. Finally, with the goal of
understanding the spatial profile of PIP, synthesis, I examined whether the LTC,-

mediated calcium signal is dependent on a local or global membrane PIP; pool.

To investigate the possible site of calcium action on phosphoinositide kinases, a
thorough understanding of this complex set of enzymes is needed. Phosphoinosi-
tide kinases are divided into two main categories: Pl-kinases and PIP kinases.
Pl-kinases are the enzymes responsible for the conversion of PI into PI4P and
PI5P. PIP kinases are further divided into type I and type II PIP kinases. PIP

kinases are responsible for the conversion of PI4P and PI5P into PIP, [218].

Phosphatidylinositol 4 kinases (PI4Ks) are the enzymes involved in the conversion
of PI into PI4P. There are four mammalian homologues of PI4K: types Il o and II
B and types III o and III B [271, 273, 468, 469]. The conversion of PI into PI5P is
believed to be mediated by PIKfyve [279, 470, 471]. The function in immune cells
and the cellular localisation of these enzymes have been discussed in great detail

in chapter one of this thesis.

Type 1 PIP kinases are encoded by three different genes yielding three distinctive
isoforms: o, -3 and -y. The three isoforms are 80% identical in their catalytic
domain [292, 472]. All three isoforms are involved in mediating the conversion of
PI4P into PIP, [290]. PIP5K1y has three splice variants: PIP5K1y87, PIP5K1v90
and PIP5K1v93 [292, 302, 303]. PIP51v93 is out of the scope of this thesis, as it is
considered a neuronal-specific splice variant [302]. Two additional isoforms have
been described to be specific in humans, and one isoform is specific in rodents
[303, 304], The cellular localisation of PIP5K1y splice variants is variable and

covers the areas in which PIP5K1la and y are suggested to be sub-localised in
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[473]. The subcellular localisation and the expressing organs/tissues of the three
isoforms of PIP5K are believed to be different. PIP5K1a localises to the Golgi
and nuclear speckles and is believed to be the most abundant isoform in the spleen
293, 294]. PIP5KIp is believed to be the most abundant isoform in the plasma
membrane and is seen mostly in the skeletal and cardiac muscles [290, 294, 474].
PIP5K1y splice variants function and localise differently, but in general, PIP5K1y
has been associated with focal adhesions and has been seen in brain, lung and

kidney tissues [292, 305].

By overexpression and knockdown studies, type 1 PIP kinases have been implicated
in several cellular functions and various activities. The role of PIP5K1 isoforms
in different cell types seems to be specific, and no isoform can compensate for the
loss of the others [297, 298, 430]. PIP5K1a is involved in cytoskeleton dynamics,
cell polarity, membrane ruffling and initiating process of phagosome formation
290, 295]. PIP5K1{ is involved mainly in actin polymerisation and reorganisation
[299, 300]. PIP5K1y is implicated in the formation of clathrin-coated vesicles,

integrin-mediated adhesion and actin assembly [306, 307].

The role of Type 1 PIP kinases in mediating immune function is well known.
PIP5K1a is suggested to play a role in phagocytosis by modifying F-actin levels in
mouse leukemic monocyte-macrophages [296]. Bone marrow-derived macrophages
showed impairment in opsonisation and the engulfment of particles when the
PIP5K1o or y was knocked out [297]. More specific to mast cells, PIP5K1B-
deficient mast cells isolated from mice showed an exaggerated degranulation follow-
ing stimulation of the Fc epsilon R1 receptor. This was accompanied systematically

by cutaneous anaphylaxis [259]. In contrast to that observed in PIP5K1(3-deficient
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mast cells, when PIPKIy was knocked out, mast cells showed a reduced response
when stimulated with antigens [254]. Furthermore, the inhibition of PI5Ks in mast

cells resulted in a reduced response to antigens by multiple mechanisms [253].

Here, I will investigate the polyphosphoinositides’ pathway involved in support-
ing the calcium signal induced by LTC,. By the pharmacological inhibition of
phosphatidylinositol 4 kinases and PIKfyve, I identified that LTC,-mediated cal-
cium signalling is dependent on PI4P specific pools. The conversion of PI4P into
PIP, by Type 1 PIP kinases required calcium entry through CRAC channels. Small
interfering RNA towards PIP5K1a and PIPKIy showed that both supported the
calcium signal induced by LTC, and provided an overlapping function. Finally,

the spatial profile of PIP, synthesis in mast cells will be examined.

5.2 Results

5.2.1 Effect of pharmacological inhibitors of PI4K and PIK-
fyve on calcium oscillations generated following LTC,

stimulation

PI4P has long been identified as a PIP; precursor, and its role in intracellular
signalling has been well documented [218, 475]. PI5P is the most recently identified
member of the polyphosphoinositides family [280]. Since PI5SP discovery, it has
been implicated in several intracellular pathways and its levels have shown to
change upon stimulation with histamine, thrombin and insulin [476]. Moreover,

PI5P was shown to play a role in T-cell activation [281]. Accordingly, to examine
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the site where calcium entry through CRAC channels is needed in the synthesis of
PIP, , I started by examining the role played by its two direct precursors, PI4P

and PI5P, in supporting the calcium signal mediated by LTCy.

The use of pharmacological blockers to investigate the synthesis of phospholipids
and to characterise their recycling dynamics has been limited due to the lack
of specific blockers [477]. One of the few specific blockers available is the PIK-
fyve inhibitor YM201636. At the nano-molar range, it was shown that PIKfyve
preferentially inhibited PI5P production [478, 479]. Pre-treating cells with 160 nM
YM201636 for 30 minutes prior to stimulation with a submaximal dose of LTC4 had
no effect on the calcium signal when compared to the control cells (Fig 5.1A and
B). Collective data from three independent experiments are shown in Fig 5.1D.
Pre-treatment with a micro-molar concentration of Wortmannin is suggested to be
a potent PI4K inhibitor [480]. Compared to control cells (Fig 5.1A), pre-treatment
with 10 uM Wortmannin for 10 minutes resulted in 48.5% %+ 6.3% reduction in the
number of oscillations when cells were stimulated with 160 nM LTC, in the pres-
ence of external calcium (Fig 5.1C). The observed reduction cannot be attributed
to a reduction in the rate of calcium entry, as the addition of calcium to the bath
solution in cells pre-treated with 10 uM Wortmannin following stimulation with 2
uM thapsigargin was comparable to the rate of calcium entry seen in control cells

(Fig 5.1E and F).
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Figure 5.1. The role of PI4K and PIKfyve in generating PIP,

(A) Representative calcium oscillations in RBL-2H3 cells following the application of LT'Cy4 in the
presence of external calcium. (B) Representative cell showing the oscillatory calcium response
following the application of LTCy in cells pre-treated with YM201636 for 30 minutes prior to
stimulation. (C) Calcium oscillations in a representative cell following the application of Wort-
mannin for 10 minutes. (D) Collective data from three independent experiments quantifying the
number of LTC, -mediated calcium oscillations. (E and F) Representative experiment showing
the average rate of both calcium release and calcium entry in control and Wortmannin pre-treated

cells. Rates of calcium release from three independent experiments were quantified and shown

in the histogram.
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5.2.2 The conversion of PI4P into PIP; requires calcium

entry

Since the preceding pharmacological data indicate that the LTC,-mediated cal-
cium oscillation in RBL-2H3 is mediated by the Phosphatidylinositol/PI4P path-
way, | decided to first examine a potential role for calcium entry in the last step
in PIP, synthesis. Accordingly, I tested whether the conversion of PI4P into
PIP, requires calcium entry via CRAC channels. To do this, cells were first treated
with 15 mM LiCl for 90 minutes and consistent with that observed earlier in Chap-
ter Four, there was a reduction in the number of oscillations following stimulation
with 160 nM LTCy in the presence of external calcium. The number of calcium
oscillations was reduced by 55.5% +3.7% (Fig 5.2A, B and G). The addition of
70 uM of the water-soluble, short-chain diC8 PI4P pre-mixed with histone H3
carrier to facilitate its delivery into the cells seven minutes prior to stimulation
with 160 nM LTCy successfully prevented rundown of oscillations in the presence
of LiCl, as seen in Fig 5.2C. Collective data from three independent experiments
are shown in Fig 5.2G. The addition of H3 histone carriers to control cells had
no inhibitory or stimulatory effect in cells stimulated with 160 nM of LTC,, as
the number of calcium oscillations was statistically comparable to that observed
in the control cells (Fig 5.2D). Moreover, the application of histone in LiCl pre-
treated cells failed to rescue the oscillations (Fig 5.2E). Aggregate data from three
independent experiments are shown in Fig 5.2G. Blocking CRAC channels with
20 uM BTP2 prevented PI4P from rescuing the oscillations in LiCl pre-treated
cells when stimulated with 160 nM LTCy in the presence of external calcium. The

number of calcium oscillations was reduced by 58.4% +2.2% when compared to
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the application of 160 nM of LTC, in control un-treated cells (Fig 5.2F).

To further strengthen a role for calcium entry in converting PI4P to PIPs, control
cells were bathed in a solution that lacked calcium and then pre-treated with
1 mM La®* to prevent the extrusion of calcium by the SERCA pump. Adding
LTC, to the external solution led to the generation of oscillations that lasted 800
seconds despite the absence of calcium entry (Fig 5.3A). Pre-treating the cells
with 15 mM LiCl for 90 minutes resulted in rundown of calcium oscillations, as
expected, and was consistent with earlier results in Chapter Four (Fig 5.3B). The
addition of 70 uM PI4P pre-mixed with the histone H3 carrier failed to rescue the
oscillations in cells pre-treated with 1 mM La3" and pre-incubated with LiCl for
90 minutes (Fig 5.3C). The reduction in the number of calcium oscillations in LiCl
pre-treated cells alone or following the addition of PI4P, was 66.1% £ 3.3% and
67.4% + 3.4%, respectively. Collective data from three independent experiments
were analysed, and the average number of calcium oscillations is shown in the
histogram in Fig 5.3D. The results here localise the site step the phosphoinositide

cycle where calcium entry is required via CRAC channels.

5.2.3 The expression levels of PIP5K1 isoforms in the rat

basophilic leukaemia (RBL-2H3) cell line

To further investigate how calcium entry is involved in the conversion of PI4P into
PIP,, the expression levels of PIP5K1 isoforms in RBL-2H3 cells were examined.
The expression levels were measured by RT-PCR . PIP5K1a and y were robustly

expressed (Fig 5.4 upper panel). It was somewhat surprising that PIP5K13 was
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Figure 5.2. The conversion of PI4P to PIP; requires calcium entry

Representative calcium oscillations in (A) control cells or (B) cells pre-treated with LiCl following
the application of 160 nM LTCy in the presence of external calcium. (C) Pre-treatment with 70
M PI4P with carrier rescued the oscillations in cells pre-treated with LiCl. (D) The application
of the H3 histone carrier had no effect on control cells. (E) H3 histone carrier failled to rescue
the oscillatory calcium signal when stimulating the cells with LTCy in LiCl-pre-treated cells. (F)
Failure of PI4P to rescue the oscillations in LiCl pre-treated cells when CRAC-mediated calcium
entry was blocked using 20 uM BTP2. Collective data from three experiments (n >30) are shown
in G.
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Figure 5.3. Failure of the conversion of PI4P into PIP; when there is no calcium
entry

(A) Representative calcium oscillations in RBL-2H3 cells were pre-treated with 1 mM of lan-
thanum to prevent calcium extrusion by blocking the plasma membrane calcium ATPase pump
and then stimulated with LTCy in a calcium-free solution. (B) Pre-treatment with 15 mM of LiCl
led to the early rundown of calcium oscillations. (C) Pre-treating the cells with 70 mM of PI4P
failed to rescue the oscillation in LiCl pre-treated cells. Aggregate data from three experiments

are shown the histogram in (D).

not expressed in RBL-2H3 cells specifically because isoform (3 was suggested to be
involved in the antigen-mediated response in RBL-2H3 cells [254]. The conclusion
in the study by Vasudevan et al. was based on using RBL-2H3 cells, as an over-
expression system of active and catalytically mutated PIP5K13, and endogenous
levels were not examined. Nevertheless, this prompted us to further confirm my
finding. Same set of primers were used to detect PIP5K1f3 at both genomic DNA

and cDNA levels. As seen in Fig 5.4 (lower panel), the levels of PIPSK1(3 at the
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Figure 5.4. PIP5K1 isoforms in RBL2H3 cells
RT-PCR showing the expression of PIP5K1 isoforms in RBL-2H3 cells. The lower panel shows
purified genomic DNA of PIP5KIB in RBL-2H3.

genomic DNA level were robust but not expressed at the mRNA level.

5.2.4 Knockdown of PIP5K1 isoforms in the rat basophilic

leukaemia (RBL-2H3) cell line

To identify which of the two isoforms expressed in RBL2-H3 is involved in mediat-
ing the calcium signal induced by LTC,, an exogenous siRNA was introduced into
the cells to obtain a transient reduction in protein expression. Thirty-six hours
after transfecting the cells with the siRNA, the protein expression levels of both
PIP5K1a and y were examined by the use of confocal microscopy following fixing
and staining the cells using immune-histochemical techniques. A reduction in pro-
tein expression of &~ 50% for both isoforms was obtained, as seen in Fig 5.5A and B.
Data collected from three independent experiments are shown in the corresponding

histogram.
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Figure 5.5. Knockdown of PIP5K1 isoforms in RBL-2H3 cells
Confocal microscopy images showing the expression of (A) PIP5K1a and (B) PIP5K1y protein

levels in mock-transfected cells and knockdown cells. The corresponding histograms represent a

collection of data from 40 cells for each group.
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5.2.5 Effect of PIP5K1a and v knockdown on the calcium

signal

To determine which PIP5K1 isoforms contributed to the PIP; pool that is hy-
drolysed by the LTC, /PLCB pathway, I measured the calcium signal evoked by
LTCy in either mock-transfected cells or in those where PIP5K1a or y was knocked
down. Compared to mock-transfected cells, the knockdown of PIP5K1a resulted
in rapid rundown of calcium oscillations induced by LTC, when cells were stimu-
lated in the presence of external calcium (Fig 5.6A and B). The number of calcium
oscillations in PIP5K1a was reduced by 74.0% + 2.3% when compared to mock-
transfected cells. Surprisingly, PIP5K1y was also recruited to sustain the calcium
signal because a rundown of calcium oscillation was also prominent when the cells
were stimulated with 160 nM LTCy in the presence of external calcium (Fig 5.6C).
The knockdown of PIP5K1y resulted in a decrease in the number of calcium oscil-
lations by 60.4% + 8.6% when compared to the ones observed in mock-transfected
cells. Collective data from three independent experiments are shown in Fig 5.6D.
The effect of the knockdown of either PIP5K1a or PIP5K1y on calcium oscilla-
tions in the absence of external calcium was mild but significant (Fig 5.7A-D).
PIP5K1a and PIP5K1y resulted in ~ 20% and ~ 30% reductions in the number

of calcium oscillations, respectively, when compared to mock-transfected cells.

The striking reduction in the number of calcium oscillations following PIP5K1a or
PIP5K1y knockdown is most likely related to the limited availability of PIP, for
hydrolysis by PLC rather than impaired calcium entry. To confirm this I com-

pared the rate of calcium entry and release in mock-transfected cells and in those
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Figure 5.6. The effect of PIP5K1 on the calcium signal generated by LTC,4 in the
presence of external calcium

Representative cell showing the oscillations of (A) mock-transfected, (B) PIP5K1a KD or (C)
PIP5K1y cells following the application of 160 nM in the presence of external calcium. (D)
Histogram showing the average number of calcium oscillations from three independent experi-

ments.

where PIP5K1oa and PIP5K1y were knocked down. The cells were bathed in a
calcium-free solution, and 2 uM thapsigargin was added to the external bath so-
lution followed by the addition of 2 mM calcium when the calcium signal (due
to release) had returned to the baseline. Although the contents of calcium stores
were slightly reduced, this reduction was not significant (upper and lower error
bars are shown in Fig 5.7E. The rate of calcium entry was comparable between
PIP5K1a, PIP5K1y and mock-transfected cells, as seen in Fig 5.7E. Although
the peak signal of PIP5K1a was higher than the control cells, the average rate of
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calcium entry from three independent experiments is shown in Fig 5.7F.

To further confirm that the observed reduction in calcium oscillations in PIP5K1a,
and PIP5K1y knockdown cells is attributed to the limited availability of PIPs |
the cells were bathed in a LiCl containing solution and PI4P was added (Fig 5.8A-

C). Unlike the results shown in Fig 5.2C and Fig 5.2G, PI4P was unable to rescue

the oscillatory calcium signal when LTC, was added.

5.2.6 Spatial profile of PIP; synthesis in RBL-2H3

Since the discovery of these PIP5K1 isoforms, it was proposed that different iso-
forms functioned in different ways. Here I showed that at the functional level,
both PIP5K1a and PIP5K1y support the calcium signal induced by LTC,. On
the question of why different PIP5K1 isoforms are needed, it was proposed that
different PIP5K1 isoforms localise to different micro domains near the cell mem-
brane to generate specialised pools of PIP;[290]. my finding of both isoforms
contributing to the calcium signal mediated by LTC, does not support the hy-
pothesis of localised PIPy micro domains mediated directly by PIP5K1s isoforms.
LTC, - mediated calcium signalling in RBL-1 was shown to be dependent on lipid
rafts [481]. Accordingly, both isoforms have to be in lipid rafts. To examine this
hypothesis, cells were pre-treated with 10 mM MBCD for 30 minutes to disrupt the
lipid rafts. MBCD pre-treatment had no effect on the localisation of the leukotriene
receptors, as shown in Fig 5.9A and B. Compared with the control cells, the cal-
cium signal in MBCD pre-treated cells was abolished in cells stimulated with 160
nM LTC, in the presence of external calcium (Fig 5.9C). Aggregate data from three

independent experiments is shown in the histogram in Fig 5.9D. The pre-treatment
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Figure 5.7. The effect of PIP5K1 isoforms knockdown on the calcium signal gener-

ated by LTC, in the absence of external calcium

Representative graph showing the oscillations of (A) mock-transfected, (B) PIP5K1a knockdown
r (C) PIP5K1y knockdown cells following the application of 160 nM LTC, in the absence of

external calcium. (D) Histogram showing the average number of calcium oscillations from three

independent experiments. (E and F) representative experiment comparing the average rate of
calcium release and entry between mock-transfected, PIP5K1a knockdown and PIP5K1y cells.

Collective data from three independent experiments are shown in the histogram.
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Figure 5.8. Failure of PI4P to rescue the oscillatory calcium signal in PIP5K1a and

PIP5K1y knockdown cells

Stimulation with 160 nM LTCy after the application of 70 uM PI4P in 15 mM LiCl pre-treated
(A) PIP5K1a or (B) PIP5K1y knockdown cells. Collective data from three independent exper-

iments are shown in the histogram

in C.
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of MBCD had no effect on the calcium signal mediated by the P2Y receptor when
activated with ATP (Fig 5.9E), indicating the localisation of the P2Y receptor
to a spatially different micro domain other than that of the leukotriene receptor
(possibly non-lipid rafts). The intact ATP-mediated calcium signal provided evi-
dence that both PIP5K1la and PIP5K1y support calcium signalling in both lipid
rafts and non-lipid raft domains of the plasma membrane. One possibility is that
PIP5K1 isoforms localise to a specific domain of the plasma membrane and a global
PIP, pool is produced that is accessible by other receptors. To examine this, cells
were pre-treated with 15 mM LiCl for 90 minutes to deplete the cellular PIP, levels.
Following this, cells were stimulated with LTC,. In Chapter Four, I established
that the early rundown of calcium oscillations in cells pre-treated with LiCl and
stimulated with LTC, is related to the depletion of PIP levels. Accordingly, once
the cell stopped oscillating, ATP was applied at a concentration of 100 uM . Sur-
prisingly, ATP induced a calcium signal comparable to that observed in the control
cells (Fig 5.10A and D). It is clear that receptors do not share the same general pool
of PIP, and once the local PIP5 pool accessible to a receptor is depleted, access to
the global pool is restricted. Since the site of inhibition of LiCl is early in the inos-
itol cycle, the observed signal could be related to different PI4P pools accessible by
the P2Y receptor [322]. Accordingly, LiCl pre-treated cells were pre-treated with
10 uM Wortmannin for 10 minutes followed by stimulation with LTCy4, and once
the oscillations stopped as a result of PIP, depletion, cells were stimulated with
100 uM of ATP Fig 5.10B. Again, no effect on the calcium signal induced by ATP
was observed when the PI4P /PIP, pathway was inhibited. To investigate whether
the observed signal might be related to the PI5P/PIP, pathway, LiCl pre-treated

cells were pre-treated with 160 nM of the PIKfyve inhibitor YM201636 Fig 5.10C.
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Figure 5.9. Subcellular localisation of the leukotriene receptor and the P2Y receptor
(A) Images obtained using confocal microscopy showing the localisation of FLAG-tagged CysLT1
following stimulation with 160 nM LTCj in control cells and in cells treated with 10 mM MBCD.
The fluorescence profiles from the line scans are shown in (B). (C) Representative calcium os-
cillations following the stimulation of LTCy in control cells and in cells pre-treated with 10 mM
MBCD. Aggregate data analysing the number of oscillations from three independent experiments
(30 cells) are shown in the histogram in D. (E) Representative calcium signal following the ap-
plication of ATP in control cells and cells pre-treated with 10 mM MBCD for 30 minutes.
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Figure 5.10. Access of PIP; pools by different receptors
(A) Representative graph showing the oscillatory calcium signal following the application of
LTC, in cells bathed in the presence of external calcium and pre-treated with 15 mM of LiCl
for 90 minutes; once the oscillations stopped, 100 uM ATP was applied. A similar experimental
protocol was followed for both (B) and (C) with the additional application of 10 mM Wortmannin
and 160 nM YM201636, respectively. (D) Collective data analysing the rate of ATP-induced

calcium release from 30 cells from three independent experiments.

A reduction of 20% was observed in the rate of calcium release of the ATP-induced
calcium signal, indicating that only part of the local pool around the vicinity of
the P2Y receptor is provided by PI5P. Since PIP5K1 isoform distribution is not
based on lipid rafts versus non-lipid rafts of the plasma membrane, the finding

here supports the theory of PIP, compartmentalisation in the plasma membrane.
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5.3 Key findings of this chapter

o [TC,-mediated calcium signalling in RBL-2H3 cells is dependent on PI4P-

specific pools.
e The conversion of PI4P into PIP, requires calcium entry via CRAC channels.
e RBL-2H3 cells express only two isoforms of PIP5K1: PIP5K1a and .

e Both isoforms of PIP5K1 support the oscillatory calcium signal induced by

LTC, and thus provide an overlapping function in RBL-2H3 cells.

e The compartmentalisation of PIP, pools in the plasma membrane might not

be dependent on PIP5K1 isoforms localisation in lipid and non-lipid rafts.

5.4 Discussion

To identify the role of PI4P and PI5P in supporting the oscillatory calcium sig-
nal by LTCy, I have found that unlike PI4P, PI5P had no role (Fig 5.1). The
amount of PI4P relative to PI5P is fiftyfold higher, and it has been suggested
that most cellular PIP; comes from PI4P, so it was not unexpected that PI5P
inhibition had no role in supporting the calcium signal induced by LTC, [482].
The observed inhibitory action of Wortmannin, but not the PIKfyve inhibitor
YM201636, on the calcium signal (Fig 5.1C-F), indicated that the pathways in-
volving phosphatidylinositol, PI4P and PIP,, are the ones involved in supporting
the calcium signal by LTC,. The conversion of phosphatidylinositol into PI4P is

mediated by the family of four PI4Ks with only two isoforms sensitive to Wort-
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mannin [271, 273, 468, 469, 480]. Wortmannin was able to inhibit PIP, production
in agonist-stimulated cells [483]. Accordingly, it was suggested that PI4KIIIa and
PI4KIIIB are the ones responsible for the plasma membrane PIP, pools [260][262].
Specifically blocking PI4KIIIS shows no effect on agonist-mediated calcium sig-
nalling; therefore, PI4KIIlo was designated to be the main isoform in plasma
membrane PIP; production [218, 260, 262]. my results showed no effect of Wort-
mannin pre-treatment on calcium release or entry (Fig 5.1E and F). The effect of
Wortmannin and phosphoinositide levels on calcium entry seems to be inconsistent
among multiple studies with many discrepancies. Korzeniowski et al. suggested
that in COS cells, PI4P levels, (but not PIP; ), had an effect on calcium entry via
Orail [245]. Walsh et al. provided evidence using a higher dose of Wortmannin
in Hela cells that PIP, levels, but not PI4P, are responsible for regulating calcium
entry by coupling STIM1 to Oral, although overexpression of Orail eliminated
the need for PIP, to regulate the coupling proces [246]. Finally, Calloway et al.
suggested that it was not the levels of phosphoinositide, but the isoforms of the ki-
nases, regulated STIM-Orai interaction by the formation of local PIP, pools, thus
mutating the polyarginine sequence of Orail had no effect on calcium entry [244].
The differences between these studies could be attributed to the followed experi-
mental protocol where the depletion of phosphoinositides occurred either prior to
STIM1-Orail coupling or after. Moreover, pre-treatment times and Wortmannin
dosages were not consistent among these studies. Furthermore, the expression lev-
els of PI4Ks among the different cells types could be a contributing factor. It is
clear that for the effect of PI4P or PIP, on calcium entry to be observed, a substan-
tial depletion of polyphosphoinositides levels is needed. Supporting the notion that

a substantial depletion is needed, in RBL-2H3 cells, following an agonist-mediated
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depletion of polyphosphoinositides levels, the use of a Wortmannin dose that was
tenfold higher and a period of pre-treatment three times longer than that sug-
gested in Hela or COS cells were needed to achieve changes to the rate of calcium
entry [243]. My data are in line with those published by Malth J et al. where the
effect of PIP; on Orail was examined and it was concluded that it had no effect on
Orail-mediated calcium entry [484]. T showed that by using a dose of Wortmannin
at the lower end of the suggested dose to affect PI4P, an effect on the calcium

signal by LTC,4 was observed without affecting the rate of calcium entry or release.

PIP5KIB was shown not be expressed in RBL-2H3 cells (Fig 5.4). This result was
not anticipated on the basis that mast cells isolated from PIP5KIB3-deficient mice
showed an augmented degranulation response following antigen stimulation [259].
As detailed in the results section, to confirm my findings, I used the same primer
and followed the same experimental protocol to examine the levels of PIP5KIB
genomic expression. This was done to exclude any possible errors in the primer
design or the experimental procedure. To my knowledge, no other reported work
examining the role of endogenous PIP5KIP in rat mast cells has been published,
and the discrepancy between my results and those of Sasaki et al. is difficult
to explain. One possibility is simply due to the variations in protein expression
across species, especially as PIPSKIB is not crucial for cell survival, as it was
reported that bone marrow-derived macrophages isolated from mice do not express
PIP5K1B with abundance in the two other isoforms [297]. Moreover, PIP5KIB
knockout mast cells showed only 15% reduction in the level of PIPy with an increase
in IP5 and PI(3,4,5)P; levels, and the observed effect was attributed to PIP5KIB

role in actin polymerisation [259]. Furthermore, it has been demonstrated that
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PIP5KIB-deficient mice were able to reproduce, and no anomalies or histological
abnormalities were detected [259]. On the contrary, when PIP5K1y was deleted,

all animals died within 24 hours post-natally [394].

This project provided the functional profile of PIP5K1 isoforms role in mast cell
signalling mediated by leukotriene receptors. Two previous studies have looked
into PIP5K1 in mast cells; none of them examined the functional role of all the
isoforms in the same cell line or primary cells. One study examined the role of
PIP5K1y in bone-marrow-derived mast cells from mice, and PIP5K1(3 was over-
expressed and examined in an RBL-2H3 cell line [254]. The second study looked
exclusively into the § isoform in bone-marrow-derived mast cells from mice [259].
In agreement with the results presented here, bone marrow-derived mast cells from
mice lacking PIP5K1y isoform showed a decreased antigen response [254]. Fur-
thermore, it has been shown that the PIP; pool produced by PIP5K-Iy87 is the
one responsible for PLCB-mediated calcium production when Hela cells are chal-
lenged with histamine, whereas the other isoforms have no role [485]. Moreover,
platelets that lacked PIP5K1a showed a remarkable reduction in IP3 levels follow-
ing stimulation with thrombin [54]. Further supporting the role of PIP5K1y in the
agonist-mediated production of PIP; pools, it was suggested that ATP-mediated

calcium production in cochlear non-sensory cells was dependent on PIP5K1y [486].

Unlike PIP5K1y, studies focusing on the PIP5KIa contribution to IP3 -mediated
calcium signalling are limited. Most studies investigating PIP5KIa look into its
role in the phagocytic process [295, 296, 296, 487]. Consistent with the results pre-
sented in this chapter regarding PIP5KIo, it was suggested that PIP5KIa deficient

platelets exhibited a reduction in PIP, and IPj3 levels following thrombin stimula-
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tion [298]. Thus, the results here support the role of PIP5KIa in agonist-mediated

PIP, production.

Taking into account the various functions mediated by PIP,, it remains unclear
whether or not there is a common pool of PIP, that mediates all the cellular ac-
tivities or a specific pool for each cellular function. Assuming that a specific pool
regulates PIP, function, how these pools are synthesised and distributed into the
plasma membrane is not clearly established. Numerous studies have examined the
hypothesis of the localisation of different isoforms of PIP5K1 to specific plasma
membrane domains, as reviewed in detail by Kwiatkowska et al. [430]. It was
shown that PIP, is confined to lipid rafts in multiple cell types [488-491]. At first
glance, one might think that this hypothesis fits well for mast cells, especially
since the class of 'immunoreceptors’, such as B-cell receptors, some Fc-receptors
and integrin receptors of T-cells, are believed to be dependent on lipid rafts for
their activities [492-494]. In agreement with my results, more recent studies have
critically analysed the local enrichment of PIP; to specific domains with the con-
clusion that the need for lipid rafts for the mobilisation and function of PIP, do
not prove their association [495, 496]. Furthermore, studies using the FRET tech-
nique have provided evidence that no lipid raft-specific pools of PIP; were to be
found [320, 495]. Despite the fact that the localisation of PIP; to certain domains
is no longer supported, a global pool of PIP; accessible by all receptors is not
the case here [495]. my data supports the concept of a decreased lateral mobil-
ity of PIP; observed in atrial cells where PIP, depletion is localised to GqPCRs
[465, 497]. The notion of localised PIP5 synthesis is supported by the concentration

of PIP5K1s around the sites of actin polymerisation [295, 325, 498], or focal adhe-
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sions [325, 326]. How different isoforms localise to certain cellular locations might
be attributed to the lateral sequestration of phosphoinositides by certain plasma
membrane proteins [430]. Another possibility is the recruitment of PIP5K1s to
the plasma membrane by certain proteins such as talin and Rac, and this will be
addressed in detail in the next chapter [430]. Finally, one possibility that needs
to be addressed in the future is that different splice variants of PIP5K-Iy might
control the calcium signal induced by LTC,, and thus the functional distinction
of PIP5K1 in supporting the calcium signal might be at the level of splice variants

and not the isoforms.

This chapter provided evidence that the calcium signal in RBL-2H3 is supported
by PI4P and not PI5P-mediated PIP; production. Moreover, the conversion of
PI4P into PIP; required calcium entry via CRAC channels. Furthermore, evi-
dence is provided that implicated both PIP5K1a and PIP5K1y in maintaining
the PIP; pool needed to support the calcium signal induced by LTC,. Finally,
my results suggest that the observed calcium signal is dependent on a local rather

than a global pool of PIP,.
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Chapter 6

The need to activate talin-1 to

support the oscillatory calcium

signal of LTCy4

6.1 Introduction

This chapter aims to extend the findings presented in the previous chapter concern-
ing the conversion of PI4P into PIP; via PIP5KIo and PIP5K1y regulated by cal-
cium entry through Orail. Given its reported role in mast cells’ calcium signalling
in addition to its clinical significance, this chapter investigates calcium’s regula-
tion of PIP5K1y. Talin is a focal adhesion protein shown to activate PIP5K1y
and be regulated by calcium via multiple mechanisms. The role of talin in sup-
porting the calcium signal mediated by LTC, in RBL-2h3 cells via its association

with PIP5K1y will be examined, as well as how calcium entry via CRAC channel
154



CHAPTER.6

regulates talin.

PIP, functions as either a source of IP3 due to PLC hydrolysis or a lipid mes-
senger. PIP,’s versatile functions have been attributed to numerous reasons and
several hypotheses have been considered. One hypothesis involves the spatiotem-
poral pattern of PIPy production within cells [499], proposed to be directed by
different PIP5K1 isoforms. Accordingly, if each isoform is localised to subcellular
microdomains, then multiple PIP5 pools will be produced that are distinct in their
location and variable in their timing of PIP, production. The amino acid sequence
of the catalytic domain of PIP5K1 shares an 80% identity among the three isoforms
[292], the carboxyl and amino terminal variable regions of which are thought to
target PIP5K1s to subcellular locations [292]. In support of this, the C-terminus
of PIP5K1y was found to interact with talin and to target the kinase towards focal
adhesions [326]. PIP5KIo is furthermore thought to be targeted to the nucleus by
its C-terminus [293], while Racl and ARF6 are suggested to recruit PIP5KIa to
act in the plasma membrane [345]. In this context, RhoA has also been shown to

interact with all PIP5K1 isoforms [345, 500, 501].

PIP5K1y is a widely studied isoform recruited by talin to focal adhesions [326].
By extension, it was proposed that 26 amino acids in the C-terminal region of
PIP5K1y interact with talin, thereby leading to PIP5K1y activation [326]. Fur-
ther research has found that this interaction is regulated by the phosphorylation
and dephosphorylation of PIP5K1y at tyrosine 644 and serine 645, respectively
[502], and that the phosphorylation at tyrosine 644 may be regulated by focal
adhesion kinase (FAK) [503]. Interestingly, the phosphorylation at tyrosine 644

indirectly regulates the interaction of talin and PIP5K1y, while the phosphory-
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lation of tyrosine 644 by FAK prevents serine 645 phosphorylation by p35/Cdk5
[502]. Another protein found to activate PIP5K1y is the adaptor protein com-
plex AP-2 [348], which was shown to interact with PIP5K1y in the same region as
talin [348]. Contrary to what was observed for talin, the phosphorylation-mediated

dephosphorylation of serine 645 is believed to depend on calcineurin [348].

Talin is a protein of 2,541 amino acids with an amino-terminal globular head and C-
terminal rod [327]. Talin’s globular head contains an amino acid sequence matching
that of the ezrin, radixin, and moesin family of proteins and was accordingly named
the FERM domain, which is composed of three subunits: F1, F2, and F3 [327].
The PTB domain of the F3 subdomain is thought to interact with PIP5K1y [326],
while FAK has also been shown to interact with talin in the FERM domain [504].
Talin’s globular head is linked to the C-terminal rod via an 80-amino acid residue
segment [328]. In its resting state, talin has been proposed to take an auto-
inhibited conformation in which the C-terminal rod interacts with the FERM
domain at F2 and F3 [330, 505]. This model of auto-inhibition is not unique to

talin but observed in other proteins containing FERM domains [506].

Several studies have clarified calcium’s effect on talin. It has been suggested,
for example, that during inflammation, talin recruitment for adhesive contacts is
mediated by calcium entry via CRAC channels [507]. More specifically, STIM1-
mediated calcium signalling regulates the recruitment of FAK and talin for focal
adhesions [508]. In microglial cells, talin was shown to be highly regulated by
calcium entry via CRAC channels [509]. Moreover, believed to activate talin,
calpain is also thought to depend on calcium entry [510, 511]. Calpain-mediated

cleavage of talin is believed to be important for focal adhesion disassembly which
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was defective in cells lacking STIM-1 [512] [510](Fig 6.1). Calpain activity was
also revealed to depend on STIM1 and Orail levels in keratinocytes [513] and to

become significantly reduced by the knockdown of STIM1 [514].

& @@
@ — _

1 (g3
Figure 6.1. Calpain-mediated proteolysis of talin and PIP; production

In its resting state, talin is proposed to exist in an auto-inhibitory state in which the rod interacts
with the F2 and F3 domains of the globular head. (1) Once calpain is activated, it cleaves talin
at the linker region between the amino terminal globular head and the C-terminal rod, yielding
a 47-kDa head and a 190-kDa C-terminal rod. The free head can function independently of the
full-length protein. (2-3) PIP5K1 can now bind the free F3 subdomain, thus leading to the local
enrichment of PIPy . (4) The binding of the surrounding un-cleaved talin to the newly produced
PIP; helps to alleviate talins auto-inhibitory state and PIP5K1 can bind the F3 subdomain and
further PIPy is produced. (5) Once higher levels of PIP; is produced PIPs bind both the F2
and F3 subdomains of talin and the free head eventually get ubiquitinated via Cyclin-Dependent

Kinase 5 and Smurfl mediated processes.

Findings that talin is highly regulated by calcium entry prompted me to pro-
pose that the mechanism by which calcium entry contributes to PIP; production
involves the calcium-mediated regulation of talin. Talin-1 cleaved only given cal-
cium entry via the CRAC channel. Furthermore, the oscillatory calcium signal
in LTC, was examined in talin-1 knockdown cells, whose rundown of calcium os-

cillations was premature compared to that of control cells. Furthermore, adding
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the PIP, substrate inositol and PI4P into the bath solutions failed to increase the

oscillations compared to the control cells.

6.2 Results

6.2.1 Expression of talin isoforms in RBL-2H3 cells

Two talin genes that encode two isoforms are thought to occur in all vertebrates,
though expression levels are believed to vary among different tissues [515]. Ac-
cordingly, the expression levels of the two isoforms were examined in RBL-2H3
cells using RT-PCR (Fig 6.2). Talin-1 was robustly expressed in RBL-2H3 cells,

though talin-2 expression did not occur.

Talin-1 Talin-2

B-actin

Figure 6.2. Talin isoforms in RBL-2H3 cells
RT-PCR shows the expression levels of talin-1 and talin-2 in RBL-2H3 cells. The lower panel

shows the corresponding loading control using beta-actin.

6.2.2 The calcium-mediated cleavage of talin-1 depends on

calcium entry via CRAC channels

Pull-down assays in leukocytes have revealed that kindlin-3 forms a complex with

Orail and talin and that talin recruitment for adhesive contact sites is mediated
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by CRAC channels [507]. This prompted me to examine if calcium entry in RBL-
2H3 cells with endogenous talin-1 and Orail led to talin-1 cleavage. Accordingly, a
western blot analysis was performed; resting cells revealed no proteolytic fragment
of talin-1 (Fig 6.3). When cells were bathed in a calcium-free solution and calcium
release from internal stores was activated by the addition of 2 uM thapsigargin,
the talin-1 product was comparable to that observed in resting cells. Following the
same protocol and adding calcium to the bath solution 4 minutes after applying
2 yuM thapsigargin to activate CRAC channels resulted in two talin-1 cleavage
products. Blocking CRAC channels with 10 uM of the specific CRAC channel
blocker Synta for five minutes resulted in the abrogation of the talin-1 cleaved

product.

To further situate the findings in a more physiological context, cells were stimu-
lated with LTC, and talin-1 cleaved products observed. In cells stimulated with
a submaximal dose of LTC, in the absence of calcium entry, in which cells were
bathed in an external solution lacking calcium, no cleavage product of talin-1 was
observed. On the contrary, when cells were bathed in a calcium-containing solu-
tion and stimulated with LTCy, a proteolytic product of talin-1 appeared, while
blocking CRAC channels with 10 uM Synta for five minutes attenuated the cleaved
product. To localise the site of cleavage, a specific calpain inhibitor was used in
cells stimulated with LTC, in the presence of external calcium. Ultimately, the
cleaved product in cells pre-treated with 30 uM of calpain 2 inhibitor for 10 mi-
nuntes was significantly reduced. The talin-1 proteolytic product was quantified

for each treatment and is shown in the histogram in Fig 6.3.
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Figure 6.3. Talin-1 proteolysis requires calcium entry via CRAC channels

Representative western blot experiments show full-length talin and talin proteolysis in cells stim-
ulated with either thapsigargin or LTC,4 in the presence or absence of calcium. Talin-1 proteolysis
is clearly dependent on calcium entry via Orail in RBL-2H3 cells. The calpain 2 inhibitor was
added to cells for 10 minutes prior to LTC, stimulation. The histogram shows data from two

independent experiments aimed to quantify talin-1 proteolysis.

6.2.3 Knockdown of talin-1 in RBL-2H3 cells

To examine whether talin-1 is necessary to activate PIP5K1y in mast cells by
opening CRAC channels, I needed to decrease talin-1 expression in RBL-2H3 cells
and to monitor the oscillatory calcium signal induced by LTC,. To decrease the ex-
pression of talin-1 in RBL-2H3 cells, small interfering RNA was introduced into the
cells via electroporation. After 36 hours, protein expression levels were visualised
using confocal microscopy in stained and fixed cells with immunohistochemical

techniques. The expression levels in knockdown cells were reduced by approxi-
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mately 52% compared to wild-type cells (Fig 6.4A). Data from three independent

experiments were quantified and appear in the histogram in Fig 6.4B.

A B

Control

Mean fluorescence
(% of WT)

Control Talin-1 KD

Talin-1 KD

Figure 6.4. Knockdown of talin-1 in RBL-2H3 cells
The level of protein expression of Talin-1 in control cells and knock-down cells was obtained
using confocal microscopy. (B) Collective data from three independent experiments appear in

the histogram.

6.2.4 The role of talin-1 in LTC,4-mediated calcium sig-

nalling in RBL-2H3 cells

The previous chapter has shown that PIP5K1y supports the calcium signal in-
duced by LTC,. Since talin is proposed to regulate PIP5K1y [326], I sought
to examine whether talin contributes to the calcium signal mediated by LTC, in
RBL-2H3. To test how talin-1 knockdown cells affect the oscillatory calcium sig-

nal induced by LTC,, cells were bathed in a solution containing external cal-
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cium and stimulated with 160 nM LTC, . Since talin-2 was not expressed, siRNA
against talin-2 was used as the control in this set of experiments. Talin-2 knock
down cells produced an oscillatory signal that is similar to non-transfected cells
(Fig 6.5C). Unlike in the control cells (Fig 6.5A)., in which a submaximal dose
of LTC, effectively produced calcium oscillations on a low baseline lasting the
duration of the recording period, talin-1 knockdown cells showed a significant
reduction in the number of oscillations when stimulated with the same dose of
LTC, (Fig 6.5B). The percentage reduction in calcium oscillations was 65.4% =+
4.1% when compared to the number of oscillations in the control cells. Depicted

in the histogram are data from three independent experiments (Fig 6.5C).

The observed reduction in the number of oscillations was possibly attributable to
the effect of talin-1 knockdown on calcium entry. To rule out this possibility, the
cells were stimulated with 2 uM thapsigargin in the absence of external calcium,
and calcium release from the internal stores was monitored. Calcium was then
added to the bath solution, and the rate of calcium influx via CRAC channels in
talin-1 knockdown cells and in the control cells was compared (Fig 6.6A). Both the
rate of calcium release and entry in knockdown cells showed no significant differ-
ences compared to those of the control cells. Data from three independent experi-
ments quantifying the rate of calcium entry appear in the histogram in (Fig 6.6B).
To further confirm that talin-1 knockdown did not affect the calcium content in
the internal store, cells were stimulated with a submaximal dose of LTC, in the
absence of external calcium. The number of calcium oscillations in the control
cells (Fig 6.6C) and in those in which talin-1 was knocked down (Fig 6.6D) were

also statistically comparable, as no significant difference was observed. Collective
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Figure 6.5. reduction in the number of calcium oscillations in talin-1 knock-down
cells

(A) A representative cell shows LTCy4 -mediated calcium oscillation in cells stimulated in the
presence of external calcium in (A) control cells and (B) talinl knockdown cells. Collective data

from three independent experiments appear in C.

data from two independent experiments are shown in the histogram in Fig 6.6E.

Lastly, to rule out that the observed effect did not stem from the reduction of
PIP5K1s levels within the cells but were owing to talin, I examined the expression
levels of PIP5K1a and PIP5K1y in talin-1 knockdown cells. As shown in Fig 6.7A
and B, the knockdown of talin-1 did not affect the expression levels of PIP5K1a.
On the contrary, PIP5K1y expression seemed to be slightly greater in talin-1

knockdown cells (Fig 6.7C and D).

In an attempt to link the observed rundown of the oscillatory calcium signal in
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Figure 6.6. Calcium entry and release unaffected by talin-1 knockdown

(A) This representative experiment shows the average rate of calcium entry and release in talin-1
and control cells. Collective data from three independent experiments are shown in (B). (C)
Representative cells show the oscillatory calcium response following LTC, stimulation in control
cells and (D) talin-1 knock-down cells in the absence of external calcium. Collective data from

two independent experiments is shown in D.
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Figure 6.7. Expression levels of PIP5K1 isoforms in talin-1 knock-down cells

A representative image obtained using a confocal microscopy shows the expression of (A)
PIP5K1a and (B) PIP5K1y in control cells and cells in which talin-1 was knocked down. Levels
of (C) PIP5K1a and (D) PIP5K1y expression were quantified from a collection of cells from two

independent experiments and are shown in the histogram.

165



CHAPTER.6

Inositol in 2 mM Ca2+

1160nM LTC,

!

—_
@)}

R(356/380)
S

1.2 ‘ ‘
0 400 800
Time (seconds)
C PI4Pin 2 mM Ca’"
—~ 1.6+
(]
o0
0 160 nM LTC,
2 141
<
[
1.24 ‘ ‘
0 400 800
Time (seconds)
E
2
S £ 101
8 =
‘é 2
5.° 3]
Z 4
©

[w)

B
o 2+
Inositol in 2 mM Ca
Talin-1 KD
= 107 1s0nmLTC,
& |
@
w141
o)
[
1.2 ‘ ‘
0 400 800
Time (seconds)
D PI4Pin 2 mM Ca
Talin-1 KD
1.6
S
[o2e]
e 160 nM LTC,
w144 |
<
[
1.2 ‘ :
0 400 800
Time (seconds)
Inositol PI4P

"WT KD WT KD WT' KD

dekokok

Figure 6.8. Phosphoinositide production is impaired in talin-1 knock-down cells

A representative graph showing the oscillations of (A) control cell and (B) talin-1 knock-down cell
following the application of 160 nM LTCy in the presence of external calcium in cells pre-treated
with 15 mM inositol. (C) Representative oscillations following the application of LTCy in a (C)
control or (D) talin-1 knockdown cell, pre-treated cells with 70 uM PI4P. (E) This histogram

shows the average number of calcium oscillations from collective data from two independent

experiments.
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talin-1 knockdown cells to talin-1’s contribution to phosphoinositide production via
PIP5K1y, the conversion of exogenous inositol into PIP, was tested. Chapter 4 has
discussed how the PIP, synthesis is a rate-limiting step and the addition of inositol
to control cells led to ~ 50% increase in the number of oscillations. Accordingly in
an attempt to see if talin-1 knockdown cells were able to convert inositol to PIPs |
15 mM inositol was added to a calcium-containing bath solution. Unlike the control
cells, pre-treatment with inositol in talin-1 knockdown cells led to a small increase
in the number of oscillations following stimulations with a submaximal dose of
LTC,, but this was not significant( Fig 6.8A and B). The number of oscillations
was quantified from two independent experiments and shown in Fig 6.8E. This
was further confirmed by the use of PI4P, like inositol, the application of PI4P
to the control cells led a significant increase in the number of calcium oscillaions
(Fig 6.8C). The application of PI4P to talin-1 knockdown cells failed to affect the

number LTC,-induced calcium signal (Fig 6.8D and E).

6.2.5 Calpain role in LTC,4 -mediated calcium signalling in

RBL-2H3 cells

To further test the role of calpain which was shown to attenuated the cleaved
product of talin-1 in Fig 6.3, I turned to Fura-2 calcium imaging. Following pre-
treatment with 30 uM of calpain inhibitor for 10 minutes in cells bathed in a cal-
cium containing solution, LTC,4 was applied and the number of calcium oscillations
was quantified (Fig 6.9A). When compared to the control cells, the application of
calpain 2 inhibitor resulted in 54.02% =+ 3.5% reduction in the number of calcium

oscillations when compared to control cells (Fig 6.9B). This reduction is most likely
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due to the lost effect of calpain-mediated activation of talin-1, as the number of
calcium oscillations in calpain inhibitor pre-treated cells when cells were bathed
in calcium free solution is similar to the control cells (Fig 6.9C and D). Moreover,
both the mechanism of calcium release and calcium entry were not affected when
the cells were exposed to a calpain inhibitor for 10 minutes as shown in Fig 6.9E.

Data from two independent experiments are shown in the histogram in Fig 6.9F.

6.3 Key Findings

Talin-1 but not talin-2 is expressed in RBL-2H3 cells.

The cleavage of talin-1 is dependent on calcium entry via Orail.

The oscillatory calcium signal mediated by LTC, was attenuated in talin-1

knockdown cells, possibly due to the reduction in PIP; levels.

Inhibition of calpain 2 attenuated talin-1 cleaved product and led to an early

rundown of the calcium signal induced by LTC, .

6.4 Discussion

The local enrichment of PIP, is mediated via PIP5K1 kinases, which have been
proposed to be regulated via multiple partner proteins that yield spatiotemporally
versatile PIP; pools [331]. An examination of many partner proteins in the lit-
erature to determine whether any are directly or indirectly regulated by calcium

suggests that talin is a possible candidate for regulating PIP, production via the
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Figure 6.9. Calpain 2 inhibitor effect on LTC4- driven calcium oscillations

A representative graph showing the oscillations of (A) cell pre-exposed to 30 uM of calpain in-
hibitor for 10 minutes and stimulated with LTC, in the presence of external calcium. The average
number of calcium oscillations obtained from three independent experiments is summarised and
shown in (B). (C) Representative oscillatory calcium signal following LTC, stimulation in calpain
2 inhibitor pre-treated cells and in the absence of external calcium. (D) Histogram showing the
average number of calcium oscillations from three independent experiments in calpain 2 inhibitor
pre-treated cells and in the absence of external calcium. (E) The average rate of calcium entry
and release in control cells and in those exposed to calpain 2 inhibitor for 10 minutes. Collective

data from two independent experiments are shown in F.
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activation of PIP5K1y [326].

The talin protein is encoded by two different genes that yield two distinct isoforms
with different functions [516]. The two isoforms share approximately 75% identity
in their amino acid sequence [515], and are thought to mediate many functions
[326, 510, 517, 518]. Talin-1 seems to play a chief role in embryogenesis, and mice
lacking the gene failed to develop beyond gastrulation. This lethal phenotype was
not rescued by talin-2 [519]. Expression levels of the two isoforms differ depending
on the cell and tissue type, though talin-1 is typically more widely distributed
[515]. This chapter’s finding that talin-1 was expressed in RBL-2H3 but not talin-
2 concurs with previous reports suggesting that talin-1 is expressed in nearly all
tissues while talin-2 is predominantly seen in cardiac and skeletal muscles [515,

519].

Consistent with previous results, a global increase in calcium signal entry caused
the cleavage of talin [507]. I showed specifically that calcium entry via CRAC chan-
nels in RBL-2H3 cells is needed for talin-1 cleavage. To further examine the role of
talin-1 in the calcium signal mediated by LTCy, I reduced the expression of talin-1
in RBL-2H3 cells. The calcium signal mediated by LTC, in talin-1 knock-down
cells was reduced despite the presence of external calcium and of intact mecha-
nisms of calcium release and entry. The observed reduction cannot be attributed
to the levels of PIP5K1y within cells, for when talin-1 was knocked down, the
expression levels of PIP5K1y within cells rose. This finding might support the
fact that following PIPy production PIP5K1y is ubiquitylated and degraded [520].
Since talin-1 is knocked down, the local production of PIP, becomes inhibited, and

accordingly, PIP5K1y begins accumulating in cells. This process is mediated by
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the E3 ubiquitin ligase HECTD1 [520]. The failure of talin-1 knockdown cells to
support the oscillatory calcium signal induced by LTCy is most likely due to the
reduction of PIP; levels by PIP5K1y. PIP; synthesis is impaired in talin-1 knock-
down cells since adding inositol did not affect the number of calcium oscillations.
PIP, levels are involved in a positive feedback mechanism for talin activation, and
the local enrichment of PIP; allows talin to be unlocked for PIP5K1y. It is be-
lieved that in its resting state, talin is restrained in an auto-inhibitory state in
which the rod domain (talin R) interacts with the globular head (talin h) and pre-
vents the head interaction with integrin 3 membrane-proximal cytoplasmic tails
or PIP5K1a via the F3 subdomain [521]. The interaction of PIP; with talin has
been shown to block the auto-inhibition of talin, and the local enrichment of
PIP, caused its binding to the positively charged F2 and F3 subdomains of talin,
thereby repelling the negatively charged talin R from binding to the head [522].
Since the F2 and F3 subunits of talin showed a stronger affinity for PIP; than
other phospholipids [523], unlike PIP5K1y, the binding of talin to PIP; helps to
alleviate talin’s auto-inhibitory state [329]. The PIP, -mediated unlocking of talin

is believed to contribute to integrin 8 tails’ binding to talin’s head [524].

Talin activation has been shown to be mediated by the calcium-dependent calpain,
which is believed to mediate the cleavage of talin between the amino terminal
globular head and the C-terminal rod [525]. Calpain mediated the cleavage of talin
release in the globular head from the C-terminal rod, yielding a 47-kDa head and
a 190-kDa C-terminal rod [526]. Calpain belongs to the family of calcium-sensitive
cysteine proteases and appears in two homologues y-calpain (calpain 1) and m-

calpain (calpain 2) whose primary difference lies in their calcium sensitivities, as
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calpain 1 needs calcium concentration in the micromolar range for its activation,
whereas the activation of calpain 2 needs a millimolar range of calcium [527, 528].
Calpain 2 is thought to be the isoform responsible for talin cleavage [510], and
it is believed that the free head can function independently of the full-length
protein following cleavage [529]. Integrin [ tails compete with PIP5K1y for the
F3 subunit of talin, though once calpain is activated, it is thought that calpain
cleaves the integrin 3 tails, thereby favouring the binding of PIP5K1y to talin
[530, 531]. In support of this, it has been suggested that increased intracellular
calcium prompted focal adhesion disassembly [532, 533]. The activation of talin
has been viewed according to its role in the assembly and disassembly of focal
adhesions [508]. My results indicate that talin cleavage depends on calcium entry
via CRAC channels, as the cleaved product size was reduced in cells in which
CRAC channels were blocked despite the presence of external calcium, and were
absent when there was no calcium entry. the findings further reveal that talin
cleavage is mediated via calpain 2, since the pre-treatment with the calpain 2
inhibitor resulted in the inhibition of talin cleavage and an early rundown of LTCy -
mediated calcium oscillations was observed . Talin was observed to be cleaved by
calpain in multiple cell types, including fibroblasts, platelets, and endothelial cells,
in head and tail domains [534-536]. Calpain activity is believed to be regulated
by SOCE [513, 514], and TRPC1 channels have also been shown to mediate the
proteolysis of talin by calpain in neurons [537]. Lastly, the calcium ionophore
ionomycin failed to cleave talin in T cells [538], suggesting that the calcium signal

within specific cellular microdomains is responsible for talin cleavage.

The results here show that Orail is in continuous interaction with talin-1 levels
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and that talin-1 proteolysis is dependent on calcium entry via CRAC channels.
Furthermore, knockdown studies showed that talin-1 is needed to support the
oscillatory calcium signal mediated by LTCy, possibly through the activation of
PIP5K1y. These preliminary findings suggest the role of calcium entry in regulat-

ing PIP, production via the cleavage of talin.
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(General discussion

The significance of understanding the mechanisms by which mast cells are activated
cannot be overstated. This is because mast cells have been linked to multiple
allergic and inflammatory conditions [154, 155]. Allergic conditions affect more
than 60 million people in Europe and there are an estimated one billion cases
around the world [539]. The prevalence of asthma in the United Kingdom is
estimated at 15-20% with the majority of cases in children 5-14 years old [540, 541].
Moreover it has been found that allergic rhinitis is present in up to 26% of the
United Kingdom population [542]. Prevalence of Nasal Polyposis, which is an
allergic condition that shares many similarities with asthma and allergic rhinitis,

is estimated to be between 1-4% [543, 544].

Despite many classes of medications that were introduced as controlling agents for
asthma, 10% of asthmatic cases remain uncontrolled and constitute more than 75%
of the total cost allocated for asthma management in health institutes and centers

around the world [539]. Moreover, it has been found from a recent prospective
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cohort study for 25 years, that the mortality rate among asthmatic patients was
much higher when compared to the controlled group, mainly due to the consequent
development of complications [545]. Similar to asthma, a percentage of allergic
rhinitis patients remain symptomatic despite the presence of multiple anti-allergic

medications available [546].

These data indicate that a new more specific treatment is required for the man-
agement of allergic conditions in general. Moreover, a better understanding of the
underlying pathophysiological causes is needed in order to establish new therapeu-

tic approaches.

Calcium entry was shown to be crucial for mast cell activation [28, 132]. This
thesis expanded our understanding of the interplay between changes in intracellular
calcium levels and phosphoinositide production in mast cells. Both calcium and
PIP; have been linked to the regulation of multiple cellular signalling events [4,
231]. The temporal and spatial organisation of both was shown to be crucial for
multiple downstream processes and effectors [4, 233]. In non-excitable cells, a
significant fraction of calcium influx is via CRAC channels [28, 132]. One of the
objectives of this thesis is to expand our knowledge of how CRAC channels are
involved in regulating agonist-driven calcium response in mast cells. I have shown
that in the rat mast cell line, RBL-2H3, calcium influx via CRAC channels was
needed to maintain LTC, -driven calcium oscillations. No other means of calcium
influx via other calcium permeable channels was able to sustain the oscillatory
calcium signal to the extent achieved by CRAC channels. This result strengthens
and is consistent with the proposed role of CRAC channels in calcium signalling

as the main physiological route of calcium influx in non-excitable cells [367, 368].
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Furthermore, using an siRNA approach directed towards STIM proteins, I have
identified the need for STIM1 but not STIM2 to support LTC, -driven calcium
oscillations. This finding is in line with other findings published earlier [395] and
supports the designated housekeeping role of STIM2, given its higher sensitivity
to detecting changes in calcium levels within the ER [42]. Given these findings, I
was able to further investigate how precisely calcium entry via Orail is involved

in LTCy -driven calcium oscillations.

Using cytoplasmic calcium ion imaging, I monitored the calcium signal generated
by LTC, after pharmacological manipulation of phosphoinositide levels using LiCl,
inositol, and PI4P . My data showed that similar to inositol, PI4P conversion
to PIP,; was observed only when there was calcium entry via CRAC channels.
The kinases involved in the conversion of PI4P into PIP, are the family of the
PIP5K1 kinases [290]. The results in this thesis showed that only PIP5K1la and
PIP5K1y are expressed in RBL-2H3 cells and are needed to support LTC, -driven
calcium oscillations. I further investigated how calcium affected the activity of
PIP5K1y [254, 547]. Multiple PIP5K1-binding proteins were shown to be sensitive
to changes in calcium levels, one of which is talin [321, 337, 548|. Talin, a focal
adhesion protein, has been shown as being regulated by calcium and is required to
interact with and activate PIP5K [326, 507]. Consistent with reports linking talin
activity to calcium entry, I demonstrated that talin cleavage was dependent on
calcium entry through CRAC channels [508, 509]. Moreover, I linked talin to the
phosphoinositide pathway by showing that cells in which talin had been knocked
down, were unable to support the oscillatory calcium signal generated by LTC, .

To further strengthen this finding I were able to show that unlike control cells,
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the addition of inositol or PI4P to talin knockdown cells had no major effect on
the number of calcium oscillations. My data suggest that calpain might decode
calcium oscillaions by cleaving talin and thereby activation of talin. However, a

further work is needed to strengthen this [549].

The observed effect of calcium entry on PIP; production and thus the continu-
ity of LTC, -mediated calcium signalling is most probably attributed to calcium
microdomains near open CRAC channels and not through a global calcium rise.
Several findings support this notion; first, both inositol and PI4P failed to rescue
the calcium signal in LiCl pre-treated cells when bathed in a calcium-free solution
despite a comparable rise in bulk calcium to that induced by CRAC channel open-
ing. Second, blocking CRAC channels produced similar results to those obtained
when cells were bathed in a calcium-free solution, and again inositol and PI4P
failed to rescue the calcium signal in LiCl pre-treated cells. Third, the overexpres-
sion of alternative calcium permeable pathways such as TRPC3 channels failed to

support the oscillatory calcium signal induced by LTC; .

Two general hypotheses are suggested for how the available PIP; at the plasma
membrane is formed: the local synthesis and the local sequestration [290]. The
local sequestration of PIP; relies on the strength of the electrostatic interaction
between certain plasma membrane proteins and phosphoinositides thus restricting
their diffusion [428]. The local synthesis hypothesis is based on the local synthesis
of PIPy via PIP5K1s [430]. Although the local sequestration of PIPy cannot be
ruled out, the findings in this thesis are in favour of the local synthesis of PIP; via
PIP5K1 isoforms. I showed that both PIP5Kla and PIP5K1y were needed to

support the oscilatory calcium signal by generated by LTC, . I further showed
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that the localisation of PIP5K1 isoforms in RBL-2H3 cells was not based on local
enrichment of PIP; to specific domains. These results are consistent with previous
reports [320, 495, 495, 496]. Finally, the results here are in agreement with the
suggestion that localised PIP, enrichment is most probably due to PIP5K1-binding
proteins such as talin [290, 326]. A recent study demonstrated that upon store
depletion, the STIM1-Orail complex translocates between PIP, -rich and PIP, -
poor domains [484]. In future studies, it would be interesting to know if the
activation of certain PIP5K1 isoforms binding proteins via Orial is limited to a

specific domain of the plasma membane.

Three splice variants of PIP5K1y have been identified in and shared by all mam-
malians: PIP5K1y87, PIP5K1y90 and the neuronal specific PIP5K1v93 [292, 302,
303]. The difference between PIP5K1y87 and PIP5K1vy90 is the inclusion of exon
17 into PIP5K1v90, resulting in an extension in its carboxyl terminus. This addi-
tional extension is suggested to target PIP5K1y90 in certain subcellular domains,
and to regulate its phosphorylation by multiple proteins and to function as the
interaction site with cell-regulating cytoskeleton proteins [292, 304]. It was sug-
gested that PIP5K1y87 is the isoform responsible for maintaining the PIP; pool
when HeLa cells are challenged with histamine [550]. Mast cells PIP5K1y87 and
PIP5K1v90 are shown to be responsible for antigen-mediated calcium signalling
[254].  Accordingly, in future studies, one point that needs to be addressed is
which PIP5K1y isoform is involved in LTCy-driven calcium signalling. More-
over, further consideration should be given to examining the possibility of splice
variants’-specific effect on the levels of downstream calcium-dependent targets,

such as the calcium-dependent nuclear factor of activated T cells (NFAT)-driven
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gene expression and the extracellular signal-regulated kinases (ERK) should be

considered [203, 398].

The field of nuclear phosphoinositides is a growing one. PI4P, PIP, and PIP5K1a
as well as the human-specific PIPKI-v4, were reported to be present within the
nucleus [304, 551]. Changes in nuclear phosphoinositide levels have been linked to
the initiation and regulation of multiple nuclear functions [551]. An increase has
been reported in nuclear calcium levels following cell stimulation with a variety of
stimuli including LTC,4 have been reported [552, 553]. It was shown that PIP5K1a
targets nuclear speckles via interaction with a non-canonical poly(A) polymerase
known as Star-PAP [293]. It would be interesting to test the possibility of calcium

playing a role in modulating the activity of PIP5K1la or PIPKI-v4 via Star-PAP.

PT transfer proteins (PITP) consist of five members divided into two families based
on the sequence homology [554]. The agonist used and cell type are responsible
for determining which PITP will be used [555]. The only phosphoinositide in the
inositol re-synthesis cycle that requires the activity of PI transfer proteins is PI.
Therefore, the obtained data using PI4P in LiCl cells (Chapter five), suggest that
the activity of PI transfer proteins per se is not needed to maintain LTC, -driven
calcium oscillations. Although I showed that calcium entry is required for the
conversion of PI4P to PIP; the effect of calcium entry on PI transfer proteins
cannot be ruled out, especially as a recent report showed that the activity of the

PI transfer protein, RdgBo, is modulated by calcium [556].

Given the time limitation of this doctoral project, I was not able to further investi-
gate how calcium entry regulates PIP5K1a. PIP5K1a was shown to interact with

and be regulated by Racl [331, 341]. The PIPKIo-Racl complex is shown to be nec-
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essary for the complex spatial localisation of PIP5K1 and PIP, production [341].
The activity of Racl was shown to be regulated by calcium through its calmodulin-
binding domain, thus making it an excellent candidate to be investigated as a po-
tential calcium-sensnitive PIP5K1o-regulator in RBL-2H3 cells [338, 339]. Another
possible mechanism by which calcium entry regulates PIP5K1a is via phospholi-
pase D. It was shown that PLD interacts with and recruits PIP5K1a localisation
in different cells [557, 558]. PLD is activated by the increase in intracellular cal-
cium levels [559]. Specifically, it was shown that PLD is sensitive to calcium entry

through CRAC channels [560].

Further understanding the precise mechanisms of the issues that I have addressed
in this thesis and how they are linked to the activation of mast cells as well as
their contribution in allergic and inflammatory reaction should help us to develop
new, pathway-specific and promising therapeutic agents. This could be of a great
clinical value, especially to patients with resistant allergic conditions where they
will be no longer rely on multiple classes of general anti-inflammatory and immuno-

modulatory agents that are currently available.

180



References

(1]

2]

7

[11]

J. Parkash and K. Asotra, “Calcium oscillations
and waves in cells,” Adv Exp Med Biol, vol. 740,
pp. 521-529, 2012.

M. J. Berridge, M. D. Bootman, and H. L. Roder-
ick, “Calcium signalling: Dynamics, homeostasis
and remodelling,” Nature Reviews Molecular Cell
Biology, vol. 4, no. 7, pp. 517-529, 2003.

J. Di Capite, S. W. Ng, and A. B. Parekh,
“Decoding of cytoplasmic Ca(24) oscillations
through the spatial signature drives gene expres-
sion,” Curr Biol, vol. 19, no. 10, pp. 853-858,
2009.

A. B. Parekh, “Decoding cytosolic Ca2+ oscilla-
tions,” Trends in Biochemical Sciences, vol. 36,
no. 2, pp. 78-87, 2011.

K. Mikoshiba, “IP3 receptor/Ca2+ channel:
from discovery to new signaling concepts,” J Neu-
rochem, vol. 102, no. 5, pp. 14261446, 2007.

S. Zhang, N. Fritz, C. Ibarra, and P. Uhlen, “Inos-
itol 1,4,5-trisphosphate receptor subtype-specific
regulation of calcium oscillations,” Neurochem
Res, vol. 36, no. 7, pp. 1175-1185, 2011.

E. A. Finch, T. J. Turner, and S. M. Goldin,
“Calcium as a coagonist of inositol 1,4,5-
trisphosphate-induced calcium release,” Science,
vol. 252, no. 5004, pp. 443-446, 1991.

I. Bezprozvanny, J. Watras, and B. E.
Ehrlich, “Bell-shaped calcium-response curves of
Ins(1,4,5)P3- and calcium-gated channels from
endoplasmic reticulum of cerebellum,” Nature,
vol. 351, no. 6329, pp. 751-754, 1991.

M. S. Nash, K. W. Young, R. A. Challiss,
and S. R. Nahorski, “Intracellular signalling.
Receptor-specific messenger oscillations,” Na-
ture, vol. 413, no. 6854, pp. 381-382, 2001.

K. Hirose, S. Kadowaki, M. Tanabe,
H. Takeshima, and M. Iino, “Spatiotempo-
ral dynamics of inositol 1,4,5-trisphosphate that
underlies complex Ca2+ mobilization patterns,”
Science, vol. 284, no. 5419, pp. 1527-1530, 1999.

M. Hattori, A. Z. Suzuki, T. Higo, H. Miyauchi,
T. Michikawa, T. Nakamura, T. Inoue, and

181

[14]

[15]

[16]

[17]

18]

K. Mikoshiba, “Distinct roles of inositol 1,4,5-
trisphosphate receptor types 1 and 3 in Ca2+
signaling,” J Biol Chem, vol. 279, no. 12, pp.
11967-11975, 2004.

T. Miyakawa, A. Maeda, T. Yamazawa, K. Hi-
rose, T. Kurosaki, and M. lino, “Encoding of
Ca2+ signals by differential expression of IP3
receptor subtypes,” Embo j, vol. 18, no. 5, pp.
1303-1308, 1999.

W. H. Almirza, P. H. Peters, W. P. van Meer-
wijk, E. J. van Zoelen, and A. P. Theuvenet, “Dif-
ferent roles of inositol 1,4,5-trisphosphate recep-
tor subtypes in prostaglandin F(2alpha)-induced
calcium oscillations and pacemaking activity of
NRK fibroblasts,” Cell Calcium, vol. 47, no. 6,
pp. 544-553, 2010.

O. Krizanova and K. Ondrias, “The inositol 1,4,5-
trisphosphate receptor—transcriptional regulation
and modulation by phosphorylation,” Gen Phys-
10l Biophys, vol. 22, no. 3, pp. 295-311, 2003.

R. J. Wojcikiewicz and S. G. Luo, “Phospho-
rylation of inositol 1,4,5-trisphosphate receptors
by cAMP-dependent protein kinase. Type I, II,
and III receptors are differentially susceptible to
phosphorylation and are phosphorylated in intact
cells,” J Biol Chem, vol. 273, no. 10, pp. 5670—
5677, 1998.

L. E. Wagner 2nd, W. H. Li, S. K. Joseph, and
D. I. Yule, “Functional consequences of phos-
phomimetic mutations at key cAMP-dependent
protein kinase phosphorylation sites in the type
1 inositol 1,4,5-trisphosphate receptor,” J Biol
Chem, vol. 279, no. 44, pp. 46 242—-46 252, 2004.

A. A. Aromolaran and L. A. Blatter, “Modula-
tion of intracellular Ca2+ release and capacita-
tive Ca2+ entry by CaMKII inhibitors in bovine
vascular endothelial cells,” Am J Physiol Cell
Physiol, vol. 289, no. 6, pp. C1426-36, 2005.

D. M. Zhu, E. Tekle, P. B. Chock, and C. Y.
Huang, “Reversible phosphorylation as a control-
ling factor for sustaining calcium oscillations in
HeLa cells: Involvement of calmodulin-dependent
kinase II and a calyculin A-inhibitable phos-
phatase,” Biochemistry, vol. 35, no. 22, pp. 7214—
7223, 1996.



REFERENCES

[19]

22]

23]

24]

Z. Zhang, J. Tang, S. Tikunova, J. D. Johnson,
Z. Chen, N. Qin, A. Dietrich, E. Stefani, L. Birn-
baumer, and M. X. Zhu, “Activation of Trp3
by inositol 1,4,5-trisphosphate receptors through
displacement of inhibitory calmodulin from a
common binding domain,” Proc Natl Acad Sci
U S A, vol. 98, no. 6, pp. 3168-3173, 2001.

J. W. Putney Jr., “A model for receptor-
regulated calcium entry,” Cell Calcium, vol. 7,
no. 1, pp. 1-12, 1986.

P. Gardner, A. Alcover, M. Kuno, P. Moingeon,
C. M. Weyand, J. Goronzy, and E. L. Rein-
herz, “Triggering of T-lymphocytes via either T3-
Ti or T11 surface structures opens a voltage-
insensitive plasma membrane calcium-permeable
channel: Requirement for interleukin-2 gene func-
tion,” Journal of Biological Chemistry, vol. 264,
no. 2, pp. 1068-1076, 1989.

M. Kuno and P. Gardner, “Ion channels activated
by inositol 1,4,5-trisphosphate in plasma mem-
brane of human T-lymphocytes,” Nature, vol.
326, no. 6110, pp. 301-304, 1987.

R. S. Lewis and M. D. Cahalan, “Mitogen-
induced oscillations of cytosolic Ca2+ and trans-
membrane Ca2+ current in human leukemic T
cells,” Cell regulation, vol. 1, no. 1, pp. 99-112,
1989.

G. Matthews, E. Neher, and R. Penner, “Sec-
ond messenger-activated calium influx in rat peri-
toneal mast cells,” Journal of Phystology, vol.
418, pp. 105-130, 1989.

H. Takemura, A. R. Hughes, O. Thastrup, and
J. W. Putney Jr, “Activation of calcium entry by
the tumor promoter thapsigargin in parotid aci-
nar cells. Evidence that an intracellular calcium
pool, and not an inositol phosphate, regulates cal-
cium fluxes at the plasma membrane,” Journal of
Biological Chemistry, vol. 264, no. 21, pp. 12 266—
12271, 1989.

O. Thastrup, P. J. Cullen, B. K. Drobak, M. R.
Hanley, and A. P. Dawson, “Thapsigargin, a
tumor promoter, discharges intracellular Ca2+
stores by specific inhibition of the endoplasmic
reticulum Ca2+-ATPase,” Proc Natl Acad Sci U
S A, vol. 87, no. 7, pp. 2466—-2470, 1990.

O. Thastrup, A. P. Dawson, O. Scharff, B. Foder,
P. J. Cullen, B. K. Drobak, P. J. Bjerrum, S. B.
Christensen, and M. R. Hanley, “Thapsigargin,
a novel molecular probe for studying intracellu-
lar calcium release and storage,” Agents Actions,
vol. 27, no. 1-2, pp. 17-23, 1989.

M. Hoth and R. Penner, “Depletion of intracellu-
lar calcium stores activates a calcium current in
mast cells,” Nature, vol. 355, no. 6358, pp. 353—
356, 1992.

182

[29]

31]

32]

34]

[36]

A. Zweifach and R. S. Lewis, “Mitogen-regulated
Ca2+ current of T lymphocytes is activated by
depletion of intracellular Ca2+ stores,” Proc Natl
Acad Sci U S A, vol. 90, no. 13, pp. 6295-6299,
1993.

C. Randriamampita and R. Y. Tsien, “Emptying
of intracellular Ca2+ stores releases a novel small
messenger that stimulates Ca2+ influx,” Nature,
vol. 364, no. 6440, pp. 809-814, 1993.

S. J. Pandol and M. S. Schoeffield-Payne, “Cyclic
GMP mediates the agonist-stimulated increase in
plasma membrane calcium entry in the pancreatic
acinar cell,” J Biol Chem, vol. 265, no. 22, pp.
12846-12 853, 1990.

J. A. Rosado and S. O. Sage, “Phosphoinositides
are required for store-mediated calcium entry in
human platelets,” J Biol Chem, vol. 275, no. 13,
pp- 9110-9113, 2000.

R. F. Irvine, “Quanta Ca2+ release and the con-
trol of Ca2+ entry by inositol phosphates - a pos-
sible mechanism,” FEBS Lett, vol. 263, no. 1, pp.
5-9, 1990.

J. Liou, M. L. Kim, D. H. Won, J. T. Jones, J. W.
Myers, J. E. Ferrell Jr, and T. Meyer, “STIM is a
Ca2+ sensor essential for Ca2+-store- depletion-
triggered Ca2+ influx,” Current Biology, vol. 15,
no. 13, pp. 1235-1241, 2005.

J. Roos, P. J. DiGregorio, A. V. Yeromin,
K. Ohlsen, M. Lioudyno, S. Zhang, O. Safrina,
J. A. Kozak, S. L. Wagner, M. D. Cahalan,
G. Veligelebi, and K. A. Stauderman, “STIMI,
an essential and conserved component of store-
operated Ca 2+ channel function,” Journal of
Cell Biology, vol. 169, no. 3, pp. 435-445, 2005.

S. Feske, Y. Gwack, M. Prakriya, S. Srikanth,
S. H. Puppel, B. Tanasa, P. G. Hogan, R. S.
Lewis, M. Daly, and A. Rao, “A mutation in
Orail causes immune deficiency by abrogating
CRAC channel function,” Nature, vol. 441, no.
7090, pp. 179-185, 2006.

M. Vig, A. Beck, J. M. Billingsley, A. Lis,
S. Parvez, C. Peinelt, D. L. Koomoa, J. Soboloff,
D. L. Gill, A. Fleig, J. P. Kinet, and R. Penner,
“CRACMI1 Multimers Form the Ion-Selective
Pore of the CRAC Channel,” Current Biology,
vol. 16, no. 20, pp. 2073-2079, 2006.

S. L. Zhang, A. V. Yeromin, X. H. F. Zhang,
Y. Yu, O. Safrina, A. Penna, J. Roos, K. A.
Stauderman, and M. D. Cahalan, “Genome-wide
RNAI screen of Ca2+ influx identifies genes that
regulate Ca2+ release-activated Ca2+ channel
activity,” Proc Natl Acad Sci U S A, vol. 103,
no. 24, pp. 9357-9362, 2006.



REFERENCES

39]

[41]

[42]

[43]

[44]

(47]

M. A. Spassova, J. Soboloff, L. P. He, W. Xu,
M. A. Dziadek, and D. L. Gill, “STIM1 has a
plasma membrane role in the activation of store-
operated Ca(2+) channels,” Proc Natl Acad Sci
U S A, vol. 103, no. 11, pp. 4040-4045, 2006.

Y. Baba, K. Hayashi, Y. Fujii, A. Mizushima,
H. Watarai, M. Wakamori, T. Numaga, Y. Mori,
M. Iino, M. Hikida, and T. Kurosaki, “Coupling
of STIM1 to store-operated Ca2+ entry through
its constitutive and inducible movement in the
endoplasmic reticulum,” Proc Natl Acad Sci U S
A, vol. 103, no. 45, pp. 16 704-16 709, 2006.

S. L. Zhang, Y. Yu, J. Roos, J. A. Kozak, T. J.
Deerinck, M. H. Ellisman, K. A. Stauderman, and
M. D. Cahalan, “STIM1 is a Ca2+ sensor that
activates CRAC channels and migrates from the
Ca2+ store to the plasma membrane,” Nature,
vol. 437, no. 7060, pp. 902-905, 2005.

O. Brandman, J. Liou, W. S. Park, and T. Meyer,
“STIM2 Is a Feedback Regulator that Stabi-
lizes Basal Cytosolic and Endoplasmic Reticulum
Ca2+ Levels,” Cell, vol. 131, no. 7, pp. 1327-
1339, 2007.

M. Muik, M. Fahrner, I. Derler, R. Schindl,
J. Bergsmann, I. Frischauf, K. Groschner, and
C. Romanin, “A Cytosolic Homomerization and
a Modulatory Domain within STIM1 C Terminus
Determine Coupling to ORAI1 Channels,” J Biol
Chem, vol. 284, no. 13, pp. 8421-8426, 2009.

Y. Wang, X. Deng, and D. L. Gill, “Calcium sig-
naling by STIM and Orai: intimate coupling de-
tails revealed,” Sci Signal, vol. 3, no. 148, p. ped2,
2010.

P. Xu, J. Lu, Z. Li, X. Yu, L. Chen, and T. Xu,
“Aggregation of STIM1 underneath the plasma
membrane induces clustering of Orail,” Biochem
Biophys Res Commun, vol. 350, no. 4, pp. 969—
976, 2006.

G. M. Salido, S. O. Sage, and J. A. Rosado,
“TRPC channels and store-operated Ca24 en-
try,” Biochimica et Biophysica Acta (BBA) -
Molecular Cell Research, vol. 1793, no. 2, pp.
223-230, 2009.

W. Zeng, J. P. Yuan, M. S. Kim, Y. J. Choi, G. N.
Huang, P. F. Worley, and S. Muallem, “STIM1
gates TRPC channels, but not Orail, by electro-
static interaction,” Mol Cell, vol. 32, no. 3, pp.
439-448, 2008.

T. J. Shuttleworth, “Orai3—the ’exceptional’
Orai?” J Physiol, vol. 590, no. Pt 2, pp. 241-
257, 2012.

G. N. Huang, W. Zeng, J. Y. Kim, J. P. Yuan,
L. Han, S. Muallem, and P. F. Worley, “STIM1
carboxyl-terminus activates native SOC, I(crac)

183

[50]

[51]

(53]

[54]

[55]

[56]

[58]

[59]

and TRPC1 channels,” Nat Cell Biol, vol. 8,
no. 9, pp. 1003-1010, 2006.

J. Soboloff, M. A. Spassova, X. D. Tang,
T. Hewavitharana, W. Xu, and D. L. Gill, “Orail
and STIM reconstitute store-operated calcium
channel function,” J Biol Chem, vol. 281, no. 30,
pp- 20661-20 665, 2006.

M. K. Korzeniowski, I. M. Manjarrés, P. Var-
nai, and T. Balla, Activation of STIM1-Orail In-
volves an Intramolecular Switching Mechanism,
2010, vol. 3, no. 148.

M. C. Bauer, D. OConnell, D. J. Cahill, and
S. Linse, “Calmodulin Binding to the Polybasic
C-Termini of STIM Proteins Involved in Store-
Operated Calcium Entry,” Biochemistry, vol. 47,
no. 23, pp. 6089-6091, 2008.

I. Derler, M. Fahrner, M. Muik, B. Lackner,
R. Schindl, K. Groschner, and C. Romanin,
“A Ca2+ Release-activated Ca2+ (CRAC) Mod-
ulatory Domain (CMD) within STIM1 Medi-
ates Fast Ca2+-dependent Inactivation of ORAI1
Channels,” Journal of Biological Chemistry, vol.
284, no. 37, pp. 24 933-24 938, 2009.

M. Vig, C. Peinelt, A. Beck, D. L. Koomoa,
D. Rabah, M. Koblan-Huberson, S. Kraft,
H. Turner, A. Fleig, R. Penner, and J. P. Kinet,
“CRACMI is a plasma membrane protein essen-
tial for store-operated Ca2+ entry,” Science, vol.
312, no. 5777, pp. 12201223, 2006.

W. 1. DeHaven, J. T. Smyth, R. R. Boyles, and
J. W. Putney Jr., “Calcium inhibition and cal-
cium potentiation of Orail, Orai2, and Orai3 cal-
cium release-activated calcium channels,” J Biol
Chem, vol. 282, no. 24, pp. 17 548-17 556, 2007.

S. Srikanth, H. J. Jung, B. Ribalet, and
Y. Gwack, “The intracellular loop of Orail plays
a central role in fast inactivation of Ca2+ release-
activated Ca2+ channels,” J Biol Chem, vol. 285,
no. 7, pp. 5066-5075, 2010.

M. Prakriya, S. Feske, Y. Gwack, S. Srikanth,
A. Rao, and P. G. Hogan, “Orail is an essential
pore subunit of the CRAC channel,” Nature, vol.
443, no. 7108, pp. 230233, 2006.

J. T. Smyth, W. I. Dehaven, G. S. Bird, and
J. W. Putney Jr., “Ca2+-store-dependent and
-independent reversal of Stiml localization and
function,” J Cell Sci, vol. 121, no. Pt 6, pp. 762—
772, 2008.

C. Y. Park, P. J. Hoover, F. M. Mullins, P. Bach-
hawat, E. D. Covington, S. Raunser, T. Walz,
K. C. Garcia, R. E. Dolmetsch, and R. S. Lewis,
“STIM1 clusters and activates CRAC channels
via direct binding of a cytosolic domain to Orail,”
Cell, vol. 136, no. 5, pp. 876-890, 2009.



REFERENCES

[60]

(62]

(63]

[64]

(65]

(66]

(67)

Y. Zhou, S. Ramachandran, M. Oh-hora, A. Rao,
and P. G. Hogan, “Pore architecture of the
ORAI1 store-operated calcium channel,” Pro-
ceedings of the National Academy of Sciences,
vol. 107, no. 11, pp. 4896-4901, 2010.

P. B. Stathopulos, R. Schindl, M. Fahrner,
L. Zheng, G. M. Gasmi-Seabrook, M. Muik,
C. Romanin, and M. Ikura, “STIM1/Orail
coiled-coil interplay in the regulation of store-
operated calcium entry,” Nat Commun, vol. 4,
2013.

Z. Li, J. Lu, P. Xu, X. Xie, L. Chen, and T. Xu,
“Mapping the interacting domains of STIM1 and
Orail in Ca2+ release-activated Ca2+4 channel
activation,” Journal of Biological Chemistry, vol.
282, no. 40, pp. 29448-29 456, 2007.

M. Muik, I. Frischauf, I. Derler, M. Fahrner,
J. Bergsmann, P. Eder, R. Schindl, C. Hesch,
B. Polzinger, R. Fritsch, H. Kahr, J. Madl,
H. Gruber, K. Groschner, and C. Romanin, “Dy-
namic coupling of the putative coiled-coil domain
of ORAI1 with STIM1 mediates ORAI1 channel
activation,” Journal of Biological Chemistry, vol.
283, no. 12, pp. 8014-8022, 2008.

J. C. Mercer, W. I. Dehaven, J. T. Smyth,
B. Wedel, R. R. Boyles, G. S. Bird, and J. W.
Putney Jr., “Large store-operated calcium se-
lective currents due to co-expression of Orail
or Orai2 with the intracellular calcium sensor,
Stim1,” J Biol Chem, vol. 281, no. 34, pp. 24 979—
24990, 2006.

F. M. Mullins, C. Y. Park, R. E. Dolmetsch,
and R. S. Lewis, “STIM1 and calmodulin interact
with Orail to induce Ca2+-dependent inactiva-
tion of CRAC channels,” Proc Natl Acad Sci U
S A, vol. 106, no. 36, pp. 15495-15 500, 2009.

M. Yamashita, L. Navarro-Borelly, B. A. Mec-
Nally, and M. Prakriya, “Orail mutations alter
ion permeation and Ca2+-dependent fast inacti-
vation of CRAC channels: evidence for coupling
of permeation and gating,” J Gen Physiol, vol.
130, no. 5, pp. 525-540, 2007.

B. McNally, M. Yamashita, A. Engh, and
M. Prakriya, “Structural Determinants of Ion
Permeation in Crac Channels,” Biophysical Jour-
nal, vol. 98, no. 3, p. 22a.

X. Hou, L. Pedi, M. M. Diver, and S. B.
Long, “Crystal structure of the calcium release-
activated calcium channel Orai,” Science, vol.
338, no. 6112, pp. 1308-1313, 2012.

J. L. Thompson and T. J. Shuttleworth.

S. G. Baryshnikov, M. V. Pulina, A. Zulian, C. L.
Linde, and V. A. Golovina, “Orail, a critical com-
ponent of store-operated Ca2+ entry, is function-

184

[71]

[72]

73]

[74]

[76]

(78]

[79]

ally associated with Na+/Ca2+ exchanger and
plasma membrane Ca2+ pump in proliferating
human arterial myocytes,” Am J Physiol Cell
Physiol, vol. 297, no. 5, pp. C1103-12, 2009.

M. Potier, J. C. Gonzalez, R. K. Motiani, I. F.
Abdullaev, J. M. Bisaillon, H. A. Singer, and
M. Trebak, “Evidence for STIM1- and Orail-
dependent store-operated calcium influx through
ICRAC in vascular smooth muscle cells: role in
proliferation and migration,” Faseb j, vol. 23,
no. 8, pp. 2425-2437, 2009.

J. M. Bisaillon, R. K. Motiani, J. C. Gonzalez-
Cobos, M. Potier, K. E. Halligan, W. F. Alza-
wahra, M. Barroso, H. A. Singer, D. Jourd’heuil,
and M. Trebak, “Essential role for STIM1/Orail-
mediated calcium influx in PDGF-induced
smooth muscle migration,” Am J Physiol Cell
Physiol, vol. 298, no. 5, pp. C993-1005, 2010.

M. Hoth and B. A. Niemeyer, “The neglected
CRAC proteins: Orai2, Orai3, and STIM2,” Curr
Top Membr, vol. 71, pp. 237-271, 2013.

S. A. Gross, U. Wissenbach, S. E. Philipp, M. Fre-
ichel, A. Cavalie, and V. Flockerzi, “Murine
ORAI2 splice variants form functional Ca2+
release-activated Ca2+ (CRAC) channels,” J
Biol Chem, vol. 282, no. 27, pp. 19375-19384,
2007.

M. Vig, W. I. DeHaven, G. S. Bird, J. M. Billings-
ley, H. Wang, P. E. Rao, A. B. Hutchings, M. H.
Jouvin, J. W. Putney, and J. P. Kinet, “De-
fective mast cell effector functions in mice lack-
ing the CRACM1 pore subunit of store-operated
calcium release-activated calcium channels,” Nat
Immunol, vol. 9, no. 1, pp. 89-96, 2008.

X. Zhang, W. Zhang, J. C. Gonzalez-Cobos,
I. Jardin, C. Romanin, K. Matrougui, and
M. Trebak, “Complex role of STIM1 in the ac-
tivation of store-independent Orail/3 channels,”
J Gen Physiol, vol. 143, no. 3, pp. 345-359, 2014.

F. Haglund, R. Ma, M. Huss, L. Sulaiman, M. Lu,
I. L. Nilsson, A. Hoog, C. C. Juhlin, J. Hartman,
and C. Larsson, “Evidence of a functional estro-
gen receptor in parathyroid adenomas,” J Clin
Endocrinol Metab, vol. 97, no. 12, pp. 4631-4639,
2012.

S. Cordeiro and O. Strauss, “Expression of Orai
genes and I(CRAC) activation in the human reti-
nal pigment epithelium,” Graefes Arch Clin Exp
Ophthalmol, vol. 249, no. 1, pp. 47-54, 2011.

L. Ohana, E. W. Newell, E. F. Stanley,
and L. C. Schlichter, “The Ca2+ release-
activated Ca2+ current (I(CRAC)) mediates
store-operated Ca2+ entry in rat microglia,”
Channels (Austin), vol. 3, no. 2, pp. 129-139,
2009.



REFERENCES

(80]

(83]

(84]

(85]

(86]

(87]

(88]

U. Wissenbach, S. E. Philipp, S. A. Gross,
A. Cavalié, and V. Flockerzi, “Primary structure,
chromosomal localization and expression in im-
mune cells of the murine ORAI and STIM genes,”
Cell Calcium, vol. 42, no. 45, pp. 439-446, 2007.

1. Bogeski, C. Kummerow, D. Al-Ansary, E. C.
Schwarz, R. Koehler, D. Kozai, N. Takahashi,
C. Peinelt, D. Griesemer, M. Bozem, Y. Mori,
M. Hoth, and B. A. Niemeyer, “Differential redox
regulation of ORAI ion channels: a mechanism
to tune cellular calcium signaling,” Sci Signal,
vol. 3, no. 115, p. ra24, 2010.

A. Lis, C. Peinelt, A. Beck, S. Parvez,
M. Monteilh-Zoller, A. Fleig, and R. Penner,
“CRACM1, CRACM2, and CRACMS3 are store-
operated Ca2+ channels with distinct functional
properties,” Curr Biol, vol. 17, no. 9, pp. 794—
800, 2007.

K. P. Lee, J. P. Yuan, W. Zeng, 1. So, P. F. Wor-
ley, and S. Muallem, “Molecular determinants of
fast Ca2+-dependent inactivation and gating of
the Orai channels,” Proc Natl Acad Sci U S A,
vol. 106, no. 34, pp. 14687-14692, 2009.

O. Mignen, J. L. Thompson, and T. J. Shut-
tleworth, “Both Orail and Orai3 are essential
components of the arachidonate-regulated Ca2+--
selective (ARC) channels,” J Physiol, vol. 586,
no. 1, pp. 185-195, 2008.

R. K. Motiani, I. F. Abdullaev, and M. Trebak,
“A novel native store-operated calcium channel
encoded by Orai3: selective requirement of Orai3
versus Orail in estrogen receptor-positive versus
estrogen receptor-negative breast cancer cells,” J
Biol Chem, vol. 285, no. 25, pp. 19173-19183,
2010.

M. Faouzi, F. Hague, M. Potier, A. Ahidouch,
H. Sevestre, and H. Ouadid-Ahidouch, “Down-
regulation of Orai3 arrests cell-cycle progression
and induces apoptosis in breast cancer cells but
not in normal breast epithelial cells,” J Cell Phys-
i0l, vol. 226, no. 2, pp. 542-551, 2011.

N. Yanamandra, R. W. Buzzeo, M. Gabriel,
L. A. Hazlehurst, Y. Mari, D. M. Beaupre, and
J. Cuevas, “Tipifarnib-induced apoptosis in acute
myeloid leukemia and multiple myeloma cells de-
pends on Ca2+ influx through plasma membrane
Ca2+ channels,” J Pharmacol Exp Ther, vol.
337, no. 3, pp. 636643, 2011.

J. C. Gonzalez-Cobos, X. Zhang, W. Zhang,
B. Ruhle, R. K. Motiani, R. Schindl, M. Muik,
A. M. Spinelli, J. M. Bisaillon, A. V. Shinde,
M. Fahrner, H. A. Singer, K. Matrougui, M. Bar-
roso, C. Romanin, and M. Trebak, “Store-
independent Orail/3 channels activated by in-
tracrine leukotriene C4: role in neointimal hyper-

185

[89]

[90]

(93]

[96]

plasia,” Clirc Res, vol. 112, no. 7, pp. 10131025,
2013.

I. Ashmole, S. M. Duffy, M. L. Leyland,
and P. Bradding, “The contribution of
Orai(CRACM)1 and Orai(CRACM)2 chan-

nels in store-operated Ca2+ entry and mediator
release in human lung mast cells,” PLoS One,
vol. 8, no. 9, p. 74895, 2013.

S. C. Chung, T. V. McDonald, and P. Gardner,
“Inhibition by SK&F 96365 of Ca2+ current, IL-
2 production and activation in T lymphocytes,”
Br J Pharmacol, vol. 113, no. 3, pp. 861-868,
1994.

C. Aussel, R. Marhaba, C. Pelassy, and J. P. Bre-
ittmayer, “Submicromolar La3+ concentrations
block the calcium release-activated channel, and
impair CD69 and CD25 expression in CD3- or
thapsigargin-activated Jurkat cells,” Biochem J,
vol. 313 ( Pt 3, pp. 909-913, 1996.

S. Feske, E. Y. Skolnik, and M. Prakriya, “Ion
channels and transporters in lymphocyte function
and immunity,” Nat Rev Immunol, vol. 12, no. 7,
pp. 532-547, 2012.

A. Zweifach, “Target-cell contact activates a
highly selective capacitative calcium entry path-
way in cytotoxic T lymphocytes,” J Cell Biol,
vol. 148, no. 3, pp. 603-614, 2000.

S. Feske, J. Giltnane, R. Dolmetsch, L. M.
Staudt, and A. Rao, “Gene regulation mediated
by calcium signals in T lymphocytes,” Nat Im-
munol, vol. 2, no. 4, pp. 316-324, 2001.

F. Le Deist, C. Hivroz, M. Partiseti, C. Thomas,
H. A. Buc, M. Oleastro, B. Belohradsky, D. Cho-
quet, and A. Fischer, “A primary T-cell immun-
odeficiency associated with defective transmem-
brane calcium influx,” Blood, vol. 85, no. 4, pp.
1053-1062, 1995.

C. Picard, C. A. McCarl, A. Papolos, S. Khalil,
K. Luthy, C. Hivroz, F. LeDeist, F. Rieux-
Laucat, G. Rechavi, A. Rao, A. Fischer, and
S. Feske, “STIM1 mutation associated with a syn-
drome of immunodeficiency and autoimmunity,”
N Engl J Med, vol. 360, no. 19, pp. 1971-1980,
2009.

C. A. McCarl, C. Picard, S. Khalil, T. Kawasaki,
J. Rother, A. Papolos, J. Kutok, C. Hivroz,
F. Ledeist, K. Plogmann, S. Ehl, G. Notheis,
M. H. Albert, B. H. Belohradsky, J. Kirschner,
A. Rao, A. Fischer, and S. Feske, “ORAIl de-
ficiency and lack of store-operated Ca2+ entry
cause immunodeficiency, myopathy, and ectoder-
mal dysplasia,” J Allergy Clin Immunol, vol. 124,
no. 6, pp. 1311-1318.e7, 2009.



REFERENCES

(98]

[99]

[100]

[101]

[102]

[103)]

[104]

[105]

[106]

S. Feske, “CRAC channelopathies,”
Arch, vol. 460, no. 2, pp. 417-435, 2010.

Pflugers

M. Oh-Hora, M. Yamashita, P. G. Hogan,
S. Sharma, E. Lamperti, W. Chung, M. Prakriya,
S. Feske, and A. Rao, “Dual functions for the en-
doplasmic reticulum calcium sensors STIM1 and
STIM2 in T cell activation and tolerance,” Nat
Immunol, vol. 9, no. 4, pp. 432-443, 2008.

B. Darbellay, S. Arnaudeau, S. Konig, H. Jous-
set, C. Bader, N. Demaurex, and L. Bernheim,
“STIM1- and Orail-dependent store-operated
calcium entry regulates human myoblast differen-
tiation,” J Biol Chem, vol. 284, no. 8, pp. 5370—
5380, 2009.

J. Stiber, A. Hawkins, Z. S. Zhang, S. Wang,
J. Burch, V. Graham, C. C. Ward, M. Seth,
E. Finch, N. Malouf, R. S. Williams, J. P. Eu, and
P. Rosenberg, “STIMI signalling controls store-
operated calcium entry required for development
and contractile function in skeletal muscle,” Nat
Cell Biol, vol. 10, no. 6, pp. 688-697, 2008.

R. W. Guo, H. Wang, P. Gao, M. Q. Li, C. Y.
Zeng, Y. Yu, J. F. Chen, M. B. Song, Y. K. Shi,
and L. Huang, “An essential role for stromal in-
teraction molecule 1 in neointima formation fol-
lowing arterial injury,” Cardiovasc Res, vol. 81,
no. 4, pp. 660-668, 2009.

J. M. Edwards, Z. P. Neeb, M. A. Alloosh,
X. Long, I. N. Bratz, C. R. Peller, J. P. Byrd,
S. Kumar, A. G. Obukhov, and M. Sturek, “Exer-
cise training decreases store-operated Ca2+entry
associated with metabolic syndrome and coro-
nary atherosclerosis,” Cardiovasc Res, vol. 85,
no. 3, pp. 631-640, 2010.

F. R. Giachini, C. W. Chiao, F. S. Carneiro, V. V.
Lima, Z. N. Carneiro, A. M. Dorrance, R. C.
Tostes, and R. C. Webb, “Increased activation
of stromal interaction molecule-1/Orai-1 in aorta
from hypertensive rats: a novel insight into vas-
cular dysfunction,” Hypertension, vol. 53, no. 2,
pp. 409-416, 2009.

J. Grosse, A. Braun, D. Varga-Szabo, N. Bey-
ersdorf, B. Schneider, L. Zeitlmann, P. Hanke,
P. Schropp, S. Muhlstedt, C. Zorn, M. Huber,
C. Schmittwolf, W. Jagla, P. Yu, T. Kerkau,
H. Schulze, M. Nehls, and B. Nieswandt, “An
EF hand mutation in Stiml causes premature
platelet activation and bleeding in mice,” J Clin
Invest, vol. 117, no. 11, pp. 3540-3550, 2007.

A. Braun, D. Varga-Szabo, C. Kleinschnitz,
I. Pleines, M. Bender, M. Austinat, M. Bosl,
G. Stoll, and B. Nieswandt, “Orail (CRACM1) is
the platelet SOC channel and essential for patho-
logical thrombus formation,” Blood, vol. 113,
no. 9, pp. 2056-2063, 2009.

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

186

I. F. Abdullaev, J. M. Bisaillon, M. Potier, J. C.
Gonzalez, R. K. Motiani, and M. Trebak, “Stim1
and Orail mediate CRAC currents and store-
operated calcium entry important for endothelial
cell proliferation,” Circ Res, vol. 103, no. 11, pp.
1289-1299, 2008.

T. Ohba, H. Watanabe, M. Murakami, T. Sato,
K. Ono, and H. Ito, “Essential role of STIM1 in
the development of cardiomyocyte hypertrophy,”
Biochem Biophys Res Commun, vol. 389, no. 1,
pp. 172-176, 2009.

M. Voelkers, M. Salz, N. Herzog, D. Frank,
N. Dolatabadi, N. Frey, N. Gude, O. Friedrich,
W. J. Koch, H. A. Katus, M. A. Sussman, and
P. Most, “Orail and Stiml regulate normal and
hypertrophic growth in cardiomyocytes,” J Mol
Cell Cardiol, vol. 48, no. 6, pp. 1329-1334, 2010.

H. T. Ma, K. Venkatachalam, J. B. Parys, and
D. L. Gill, “Modification of store-operated chan-
nel coupling and inositol trisphosphate recep-
tor function by 2-aminoethoxydiphenyl borate in
DT40 lymphocytes,” J Biol Chem, vol. 277, no. 9,
pp. 6915-6922, 2002.

M. Prakriya and R. S. Lewis, “Potentiation and
inhibition of Ca(2+) release-activated Ca(2+)
channels by 2-aminoethyldiphenyl borate (2-
APB) occurs independently of IP(3) receptors,”
J Physiol, vol. 536, no. Pt 1, pp. 3-19, 2001.

W. I. DeHaven, J. T. Smyth, R. R. Boyles, G. S.
Bird, and J. W. Putney Jr., “Complex actions
of 2-aminoethyldiphenyl borate on store-operated
calcium entry,” J Biol Chem, vol. 283, no. 28, pp.
19265-19 273, 2008.

S. L. Zhang, J. A. Kozak, W. Jiang, A. V.
Yeromin, J. Chen, Y. Yu, A. Penna, W. Shen,
V. Chi, and M. D. Cahalan, “Store-dependent
and -independent modes regulating Ca2+ release-
activated Ca2+ channel activity of human Orail
and Orai3,” J Biol Chem, vol. 283, no. 25, pp.
17662-17671, 2008.

C. Peinelt, A. Lis, A. Beck, A. Fleig, and R. Pen-
ner, “2-Aminoethoxydiphenyl borate directly fa-
cilitates and indirectly inhibits STIM1-dependent
gating of CRAC channels,” J Physiol, vol. 586,
no. 13, pp. 3061-3073, 2008.

R. Schindl, J. Bergsmann, I. Frischauf, I. Derler,
M. Fahrner, M. Muik, R. Fritsch, K. Groschner,
and C. Romanin, “2-aminoethoxydiphenyl borate
alters selectivity of Orai3 channels by increasing
their pore size,” J Biol Chem, vol. 283, no. 29,
pp- 20261-20267, 2008.

Y. Wang, X. Deng, Y. Zhou, E. Hendron, S. Man-
carella, M. F. Ritchie, X. D. Tang, Y. Baba,
T. Kurosaki, Y. Mori, J. Soboloff, and D. L. Gill,
“STIM protein coupling in the activation of Orai



REFERENCES

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

channels,” Proc Natl Acad Sci U S A, vol. 106,
no. 18, pp. 7391-7396, 2009.

G. S. Bird, W. 1. DeHaven, J. T. Smyth, and
J. W. Putney Jr., “Methods for studying store-
operated calcium entry,” Methods, vol. 46, no. 3,
pp- 204-212, 2008.

J. W. Putney, “Pharmacology of store-operated
calcium channels,” Mol Interv, vol. 10, no. 4, pp.
209-218, 2010.

A. V. Yeromin, S. L. Zhang, W. Jiang, Y. Yu,
O. Safrina, and M. D. Cahalan, “Molecular iden-
tification of the CRAC channel by altered ion se-
lectivity in a mutant of Orai,” Nature, vol. 443,
no. 7108, pp. 226-229, 2006.

Y. Chen, M. L. Smith, G. X. Chiou, S. Bal-
laron, M. P. Sheets, E. Gubbins, U. Warrior,
J. Wilkins, C. Surowy, M. Nakane, G. W.
Carter, J. M. Trevillyan, K. Mollison, and S. W.
Djuric, “TH1 and TH2 cytokine inhibition by 3,5-
bis(trifluoromethyl)pyrazoles, a novel class of im-
munomodulators,” Cell Immunol, vol. 220, no. 2,
pp. 134-142, 2002.

J. M. Trevillyan, X. G. Chiou, Y. W. Chen, S. J.
Ballaron, M. P. Sheets, M. L. Smith, P. E. Wiede-
man, U. Warrior, J. Wilkins, E. J. Gubbins, G. D.
Gagne, J. Fagerland, G. W. Carter, J. R. Luly,
K. W. Mollison, and S. W. Djuric, “Potent in-
hibition of NFAT activation and T cell cytokine
production by novel low molecular weight pyra-
zole compounds,” J Biol Chem, vol. 276, no. 51,
pp. 48 118-48 126, 2001.

C. Zitt, B. Strauss, E. C. Schwarz, N. Spaeth,
G. Rast, A. Hatzelmann, and M. Hoth, “Potent
inhibition of Ca2+ release-activated Ca2+ chan-
nels and T-lymphocyte activation by the pyrazole
derivative BTP2,” J Biol Chem, vol. 279, no. 13,
pp. 12427-12437, 2004.

J. C. Mercer, Q. Qi, L. F. Mottram, M. Law,
D. Bruce, A. Iyer, J. L. Morales, H. Yamazaki,
T. Shirao, B. R. Peterson, and A. August,
“Chemico-genetic identification of drebrin as a
regulator of calcium responses,” Int J Biochem
Cell Biol, vol. 42, no. 2, pp. 337-345, 2010.

J. Li, L. McKeown, O. Ojelabi, M. Stacey,
R. Foster, D. O’'Regan, K. E. Porter, and D. J.
Beech, “Nanomolar potency and selectivity of
a Ca(2)(+) release-activated Ca(2)(+4) channel
inhibitor against store-operated Ca(2)(+) entry
and migration of vascular smooth muscle cells,”
Br J Pharmacol, vol. 164, no. 2, pp. 382-393,
2011.

S. W. Ng, J. di Capite, K. Singaravelu, and A. B.
Parekh, “Sustained activation of the tyrosine ki-
nase Syk by antigen in mast cells requires lo-
cal Ca2+ influx through Ca2+ release-activated

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

187

Ca2+ channels,” J Biol Chem, vol. 283, no. 46,
pp. 31348-31 355, 2008.

K. Venkatachalam and C. Montell, “TRP chan-
nels,” Annu Rev Biochem, vol. 76, pp. 387-417,
2007.

R. C. Hardie and B. Minke, “The trp gene
is essential for a light-activated Ca24 channel
in Drosophila photoreceptors,” Neuron, vol. 8,
no. 4, pp. 643-651, 1992.

P. D. Wes, J. Chevesich, A. Jeromin, C. Rosen-
berg, G. Stetten, and C. Montell, “TRPC1, a
human homolog of a Drosophila store-operated
channel,” Proc Natl Acad Sci U S A, vol. 92,
no. 21, pp. 9652-9656, 1995.

B. Vannier, M. Peyton, G. Boulay, D. Brown,
N. Qin, M. Jiang, X. Zhu, and L. Birnbaumer,
“Mouse trp2, the homologue of the human trpc2
pseudogene, encodes mTrp2, a store depletion-
activated capacitative Ca2+ entry channel,” Proc
Natl Acad Sci U S A, vol. 96, no. 5, pp. 2060—
2064, 1999.

K. T. Cheng, H. L. Ong, X. Liu, and I. S. Ambud-
kar, “Contribution and regulation of TRPC chan-
nels in store-operated Ca2+ entry,” Curr Top
Membr, vol. 71, pp. 149-179, 2013.

G. Owsianik, K. Talavera, T. Voets, and B. Nil-
ius, “Permeation and selectivity of TRP chan-
nels,” Annu Rev Physiol, vol. 68, pp. 685-717,
2006.

A. B. Parekh and R. Penner, “Store depletion
and calcium influx,” Physiol Rev, vol. 77, no. 4,
pp. 901-930, 1997.

X. Liu, B. B. Singh, and I. S. Ambud-
kar, “TRPC1 Is Required for Functional Store-
operated Ca2+ Channels: ROLE OF ACIDIC
AMINO ACID RESIDUES IN THE S5-S6 RE-
GION,” Journal of Biological Chemistry, vol.
278, no. 13, pp. 11 337-11 343, 2003.

G. S. Bird and J. W. Putney Jr., “Capacitative
calcium entry supports calcium oscillations in hu-
man embryonic kidney cells,” J Physiol, vol. 562,
no. Pt 3, pp. 697-706, 2005.

B. Wedel, R. R. Boyles, J. W. Putney Jr., and
G. S. Bird, “Role of the store-operated calcium
entry proteins Stiml and Orail in muscarinic
cholinergic receptor-stimulated calcium oscilla-
tions in human embryonic kidney cells,” J Phys-
i0l, vol. 579, no. Pt 3, pp. 679-689, 2007.

A. Riccio, A. D. Medhurst, C. Mattei, R. E.
Kelsell, A. R. Calver, A. D. Randall, C. D. Ben-
ham, and M. N. Pangalos, “mRNA distribution
analysis of human TRPC family in CNS and pe-



REFERENCES

[137]

[138)

[139]

[140]

[141]

[142]

[143]

[144]

[145]

ripheral tissues,” Brain Res Mol Brain Res, vol.
109, no. 1-2, pp. 95-104, 2002.

B. J. Wedel, G. Vazquez, R. R. McKay, J. B. G.
St, and J. W. Putney Jr., “A calmodulin/inositol
1,4,5-trisphosphate (IP3) receptor-binding region
targets TRPC3 to the plasma membrane in a
calmodulin/IP3 receptor-independent process,” J
Biol Chem, vol. 278, no. 28, pp. 2575825765,
2003.

M. Lichtenegger and K. Groschner, “TRPC3: a
multifunctional signaling molecule,” Handb Ezp
Pharmacol, vol. 222, pp. 67-84, 2014.

A. Dietrich, M. Mederos y Schnitzler, J. Emmel,
H. Kalwa, T. Hofmann, and T. Gudermann, “N-
linked protein glycosylation is a major determi-
nant for basal TRPC3 and TRPC6 channel activ-
ity,” J Biol Chem, vol. 278, no. 48, pp. 47 842—
47852, 2003.

B. Lintschinger, M. Balzer-Geldsetzer,
T. Baskaran, W. F. Graier, C. Romanin,
M. X. Zhu, and K. Groschner, “Coassembly of
Trpl and Trp3 proteins generates diacylglycerol-
and Ca2-+-sensitive cation channels,” J Biol
Chem, vol. 275, no. 36, pp. 27 799-27 805, 2000.

X. Liu, B. C. Bandyopadhyay, B. B. Singh,
K. Groschner, and I. S. Ambudkar, “Molecu-
lar analysis of a store-operated and 2-acetyl-
sn-glycerol-sensitive non-selective cation chan-
nel. Heteromeric assembly of TRPC1-TRPC3,”
J Biol Chem, vol. 280, no. 22, pp. 21 600-21 606,
2005.

T. Hofmann, M. Schaefer, G. Schultz, and T. Gu-
dermann, “Subunit composition of mammalian
transient receptor potential channels in living
cells,” Proc Natl Acad Sci U S A, vol. 99, no. 11,
pp. 7461-7466, 2002.

M. Goel, W. G. Sinkins, and W. P. Schilling, “Se-
lective association of TRPC channel subunits in
rat brain synaptosomes,” J Biol Chem, vol. 277,
no. 50, pp. 48 303—48 310, 2002.

B. C. Bandyopadhyay, W. D. Swaim, X. Liu,
R. S. Redman, R. L. Patterson, and I. S.
Ambudkar, “Apical localization of a functional
TRPC3/TRPC6-Ca2+-signaling complex in po-
larized epithelial cells. Role in apical Ca2+ in-
flux,” J Biol Chem, vol. 280, no. 13, pp. 12908—
12916, 2005.

K. T. Cheng, X. Liu, H. L. Ong, W. Swaim,
and I. S. Ambudkar, “Local Ca(2)+ entry via
Orail regulates plasma membrane recruitment
of TRPC1 and controls cytosolic Ca(2)+ signals
required for specific cell functions,” PLoS Biol,
vol. 9, no. 3, p. 1001025, 2011.

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

188

J. P. Lievremont, G. S. Bird, and J. W. Putney
Jr., “Mechanism of inhibition of TRPC cation
channels by 2-aminoethoxydiphenylborane,” Mol
Pharmacol, vol. 68, no. 3, pp. 758-762, 2005.

K. D. Preuss, J. K. Noller, E. Krause, A. Gobel,
and I. Schulz, “Expression and characterization
of a trpl homolog from rat,” Biochem Biophys
Res Commun, vol. 240, no. 1, pp. 167-172, 1997.

S. Philipp, B. Strauss, D. Hirnet, U. Wissenbach,
L. Mery, V. Flockerzi, and M. Hoth, “TRPC3
mediates T-cell receptor-dependent calcium entry
in human T-lymphocytes,” J Biol Chem, vol. 278,
no. 29, pp. 26 629-26 638, 2003.

M. Harada, X. Luo, X. Y. Qi, A. Tadevosyan,
A. Maguy, B. Ordog, J. Ledoux, T. Kato,
P. Naud, N. Voigt, Y. Shi, K. Kamiya, T. Muro-
hara, I. Kodama, J. C. Tardif, U. Schotten,
D. R. Van Wagoner, D. Dobrev, and S. Nat-
tel, “Transient receptor potential canonical-3
channel-dependent fibroblast regulation in atrial
fibrillation,” Clirculation, vol. 126, no. 17, pp.
2051-2064, 2012.

K. Smedlund, M. Bah, and G. Vazquez, “On the
role of endothelial TRPC3 channels in endothelial
dysfunction and cardiovascular disease,” Cardio-
vasc Hematol Agents Med Chem, vol. 10, no. 3,
pp- 265-274, 2012.

B. Doleschal, K. Tieber, M. Poteser, H. Schleifer,
I. Frischauf, T. N. Glasnov, C. O. Kappe, C. Ro-
manin, and K. Groschner, “TRPC3 Expression
Modulates Store-Operated Currents in RBL-2H3
Cells,” Biophysical Journal, vol. 102, no. 3, p.
534a.

H. Schleifer, M. Poteser, 1. Derler, C. O. Kappe,
C. Romanin, and K. Groschner, “Analysis of the
Role of TRPC3 in Ca2+ Signaling of RBL-2H3
Mast Cells,” Biophysical Journal, vol. 98, no. 3,
p. 344a.

M. Freichel, J. Almering, and V. Tsvilovskyy,
“The Role of TRP Proteins in Mast Cells,” Front
Immunol, vol. 3, p. 150, 2012.

H. Iwasaki and K. Akashi, “Myeloid lineage com-
mitment from the hematopoietic stem cell,” Im-
munity, vol. 26, no. 6, pp. 726740, 2007.

J. L. Di Capite, G. J. Bates, and A. B. Parekh,
“Mast cell CRAC channel as a novel therapeutic
target in allergy,” Curr Opin Allergy Clin Im-
munol, vol. 11, no. 1, pp. 33-38, 2011.

D. M. Anderson, S. D. Lyman, A. Baird, J. M.
Wignall, J. Eisenman, C. Rauch, C. J. March,
H. S. Boswell, S. D. Gimpel, D. Cosman, and
E. al., “Molecular cloning of mast cell growth fac-
tor, a hematopoietin that is active in both mem-



REFERENCES

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165)

[166]

[167]

brane bound and soluble forms,” Cell, vol. 63,
no. 1, pp. 235-243, 1990.

J. M. Brown, T. M. Wilson, and D. D. Met-
calfe, “The mast cell and allergic diseases: role in
pathogenesis and implications for therapy,” Clin
Exp Allergy, vol. 38, no. 1, pp. 4-18, 2008.

J. Padawer, “Mast cells: extended lifespan and
lack of granule turnover under normal in vivo
conditions,” Exp Mol Pathol, vol. 20, no. 2, pp.
269-280, 1974.

M. Metz, M. A. Grimbaldeston, S. Nakae, A. M.
Piliponsky, M. Tsai, and S. J. Galli, “Mast cells in
the promotion and limitation of chronic inflam-
mation,” Immunol Rev, vol. 217, pp. 304-328,
2007.

S. J. Collington, T. J. Williams, and C. L. Weller,
“Mechanisms underlying the localisation of mast
cells in tissues,” Trends in Immunology, vol. 32,
no. 10, pp. 478-485, 2011.

M. F. Gurish, H. Tao, J. P. Abonia, A. Arya, D. S.
Friend, C. M. Parker, and K. F. Austen, “Intesti-
nal mast cell progenitors require CD49dbeta7 (al-
phadbetaT7 integrin) for tissue-specific homing,” J
Exp Med, vol. 194, no. 9, pp. 1243-1252, 2001.

J. Hallgren, T. G. Jones, J. P. Abonia, W. Xing,
A. Humbles, K. F. Austen, and M. F. Gur-
ish, “Pulmonary CXCR2 regulates VCAM-1 and
antigen-induced recruitment of mast cell progeni-
tors,” Proc Natl Acad Sci U S A, vol. 104, no. 51,
pp. 20478-20483, 2007.

P. Ruschpler, P. Lorenz, W. Eichler, D. Koczan,
C. Hanel, R. Scholz, C. Melzer, H. J. Thiesen, and
P. Stiehl, “High CXCR3 expression in synovial
mast cells associated with CXCL9 and CXCL10
expression in inflammatory synovial tissues of pa-
tients with rheumatoid arthritis,” Arthritis Res
Ther, vol. 5, no. 5, pp. R241-52, 2003.

C. L. Weller, S. J. Collington, J. K. Brown,
H. R. P. Miller, A. Al-Kashi, P. Clark, P. J. Jose,
A. Hartnell, and T. J. Williams, “Leukotriene B4,
an activation product of mast cells, is a chemoat-
tractant for their progenitors,” Journal of Experi-
mental Medicine, vol. 201, no. 12, pp. 1961-1971,
2005.

D. D. Metcalfe and J. A. Boyce, “Mast cell biol-
ogy in evolution,” J Allergy Clin Immunol, vol.
117, no. 6, pp. 1227-1229, 2006.

S. J. Galli, S. Nakae, and M. Tsai, “Mast cells in
the development of adaptive immune responses,”
Nat Immunol, vol. 6, no. 2, pp. 135-142, 2005.

H. R. P. Miller and A. D. Pemberton, “Tissue-
specific expression of mast cell granule serine pro-
teinases and their role in inflammation in the lung

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

189

and gut,” Immunology, vol. 105, no. 4, pp. 375~
390, 2002.

G. Pejler, E. Ronnberg, I. Waern, and S. Wern-
ersson, “Mast cell proteases: Multifaceted regu-
lators of inflammatory disease,” Blood, vol. 115,
no. 24, pp. 4981-4990, 2010.

J. P. Abonia, C. Blanchard, B. B. Butz, H. F.
Rainey, M. H. Collins, K. Stringer, P. E. Putnam,
and M. E. Rothenberg, “Involvement of mast cells
in eosinophilic esophagitis,” J Allergy Clin Im-
munol, vol. 126, no. 1, pp. 140-149, 2010.

K. F. Austen, “The mast cell and the cysteinyl
leukotrienes,” Nowvartis Found Symp, vol. 271,
pp. 166-168,198-199, 2005.

F. Pages, J. Galon, M. C. Dieu-Nosjean, E. Tar-
tour, C. Sautes-Fridman, and W. H. Fridman,
“Immune infiltration in human tumors: a prog-
nostic factor that should not be ignored,” Onco-
gene, vol. 29, no. 8, pp. 1093-1102, 2010.

U. Blank and J. Rivera, “The ins and outs of
IgE-dependent mast-cell exocytosis,” Trends in
Immunology, vol. 25, no. 5, pp. 266—273, 2004.

M. Stassen, L. Hultner, and E. Schmitt, “Classi-
cal and alternative pathways of mast cell activa-
tion,” Critical Reviews in Immunology, vol. 22,
no. 2, pp. 115-140, 2002.

T. C. Moon, A. D. Befus, and M. Kulka, “Mast
cell mediators: their differential release and the
secretory pathways involved,” Front Immunol,
vol. 5, p. 569, 2014.

T. T. Maciel, I. C. Moura, and O. Hermine, “The
role of mast cells in cancers,” F1000Prime Rep,
vol. 7, p. 9, 2015.

A. M. Dvorak and S. Kissell, “Granule changes of
human skin mast cells characteristic of piecemeal
degranulation and associated with recovery dur-
ing wound healing in situ,” J Leukoc Biol, vol. 49,
no. 2, pp. 197-210, 1991.

A. M. Dvorak, R. S. McLeod, A. Onderdonk,
R. A. Monahan-Earley, J. B. Cullen, D. A. An-
tonioli, E. Morgan, J. E. Blair, P. Estrella, R. L.
Cisneros, and E. al., “Ultrastructural evidence for
piecemeal and anaphylactic degranulation of hu-
man gut mucosal mast cells in vivo,” Int Arch
Allergy Immunol, vol. 99, no. 1, pp. 74-83, 1992.

H. T. Ma and M. A. Beaven, “Regulators of
Ca(2+) signaling in mast cells: potential targets
for treatment of mast cell-related diseases?” Adv
Exp Med Biol, vol. 716, pp. 62-90, 2011.

E. L. Barsumian, C. Isersky, M. G. Petrino, and
R. P. Siraganian, “IgE-induced histamine release
from rat basophilic leukemia cell lines: isolation



REFERENCES

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188)

[189]

of releasing and nonreleasing clones,” Fur J Im-
munol, vol. 11, no. 4, pp. 317-323, 1981.

E. Passante and N. Frankish, “The RBL-2H3 cell
line: its provenance and suitability as a model for
the mast cell,” Inflamm Res, vol. 58, no. 11, pp.
737745, 2009.

T. Tsujimura, 7T. Furitsu, M. Morimoto,
Y. Kanayama, S. Nomura, Y. Matsuzawa, Y. Ki-
tamura, and Y. Kanakura, “Substitution of an
aspartic acid results in constitutive activation of
c-kit receptor tyrosine kinase in a rat tumor mast
cell line RBL-2H3,” Int Arch Allergy Immunol,
vol. 106, no. 4, pp. 377-385, 1995.

H. Ali, J. R. Cunha-Melo, W. F. Saul, and
M. A. Beaven, “Activation of phospholipase C
via adenosine receptors provides synergistic sig-
nals for secretion in antigen-stimulated RBL-2H3
cells. Evidence for a novel adenosine receptor,” J
Biol Chem, vol. 265, no. 2, pp. 745-753, 1990.

G. S. Bird, S. Y. Hwang, J. T. Smyth,
M. Fukushima, R. R. Boyles, and J. W. Putney
Jr., “STIM1 is a calcium sensor specialized for
digital signaling,” Curr Biol, vol. 19, no. 20, pp.
1724-1729, 2009.

H. T. Ma and M. A. Beaven, “Regulation of Ca2+
signaling with particular focus on mast cells,”
Crit Rev Immunol, vol. 29, no. 2, pp. 155-186,
2009.

J. C. Foreman and J. L. Mongar, “The role of
the alkaline earth ions in anaphylactic histamine
secretion,” J Physiol, vol. 224, no. 3, pp. 753-769,
1972.

——, “The action of lanthanum and manganese
on anaphylactic histamine secretion,” Br J Phar-
macol, vol. 48, no. 3, pp. 527-537, 1973.

M. A. Beaven, J. Rogers, J. P. Moore, T. R. Hes-
keth, G. A. Smith, and J. C. Metcalfe, “The
mechanism of the calcium signal and correla-
tion with histamine release in 2H3 cells,” J Biol
Chem, vol. 259, no. 11, pp. 7129-7136, 1984.

K. Hartmann, B. M. Henz, S. Kruger-Krasagakes,
J. Kohl, R. Burger, S. Guhl, I. Haase, U. Lip-
pert, and T. Zuberbier, “C3a and Cb5a stimulate
chemotaxis of human mast cells,” Blood, vol. 89,
no. 8, pp. 2863-2870, 1997.

W. C. Chang, C. Nelson, and A. B. Parekh,
“Ca2+ influx through CRAC channels activates
cytosolic phospholipase A2, leukotriene C4 se-
cretion, and expression of c-fos through ERK-
dependent and -independent pathways in mast
cells,” Faseb j, vol. 20, no. 13, pp. 2381-2383,
2006.

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

190

P. R. Burd, H. W. Rogers, J. R. Gordon, C. A.
Martin, S. Jayaraman, S. D. Wilson, A. M. Dvo-
rak, S. J. Galli, and M. E. Dorf, “Interleukin
3-dependent and -independent mast cells stim-
ulated with IgE and antigen express multiple cy-
tokines,” J Ezp Med, vol. 170, no. 1, pp. 245-257,
1989.

Y. Baba, K. Nishida, Y. Fujii, T. Hirano,
M. Hikida, and T. Kurosaki, “Essential function
for the calcium sensor STIM1 in mast cell activa-
tion and anaphylactic responses,” Nat Immunol,
vol. 9, no. 1, pp. 81-88, 2008.

I. Ashmole, S. M. Duffy, M. L. Leyland,
V. S. Morrison, M. Begg, and P. Bradding,
“CRACM/Orai ion channel expression and func-
tion in human lung mast cells,” J Allergy Clin
Immunol, vol. 129, no. 6, pp. 1628-35.e2, 2012.

J. D. Done, C. N. Rudick, M. L. Quick, A. J.
Schaeffer, and P. Thumbikat, “Role of mast cells
in male chronic pelvic pain,” J Urol, vol. 187,
no. 4, pp. 1473-1482, 2012.

P. A. Nigrovic and D. M. Lee, “Mast cells in in-
flammatory arthritis,” Arthritis Res Ther, vol. 7,
no. 1, pp. 1-11, 2005.

B. Y. De Winter, R. M. van den Wijngaard, and
W. J. de Jonge, “Intestinal mast cells in gut in-
flammation and motility disturbances,” Biochim-
ica et Biophysica Acta (BBA) - Molecular Basis
of Disease, vol. 1822, no. 1, pp. 66-73, 2012.

M. Maurer, T. Theoharides, R. D. Granstein,
S. C. Bischoff, J. Bienenstock, B. Henz, P. Kova-
nen, A. M. Piliponsky, N. Kambe, H. Vliagoftis,
F. Levi-Schaffer, M. Metz, Y. Miyachi, D. Befus,
P. Forsythe, Y. Kitamura, and S. Galli, “What
is the physiological function of mast cells?” Ezp
Dermatol, vol. 12, no. 6, pp. 886-910, 2003.

K. Norrby, A. Jakobsson, and J. Sorbo, “Mast-
cell secretion and angiogenesis, a quantitative
study in rats and mice,” Virchows Arch B Cell
Pathol Incl Mol Pathol, vol. 57, no. 4, pp. 251—
256, 1989.

R. A. Dixon, R. E. Diehl, E. Opas, E. Rands,
P. J. Vickers, J. F. Evans, J. W. Gillard, and
D. K. Miller, “Requirement of a 5-lipoxygenase-
activating protein for leukotriene synthesis,” Na-
ture, vol. 343, no. 6255, pp. 282—-284, 1990.

C. A. Rouzer, T. Matsumoto, and B. Samuelsson,
“Single protein from human leukocytes possesses
5-lipoxygenase and leukotriene A4 synthase ac-
tivities,” Proc Natl Acad Sci U S A, vol. 83, no. 4,
pp- 857-861, 1986.

C. W. Lee, R. A. Lewis, E. J. Corey, and
K. F. Austen, “Conversion of leukotriene D4 to
leukotriene E4 by a dipeptidase released from the



REFERENCES

[201]

[202]

[203]

[204]

[205)

[206]

[207]

[208)

[209]

[210]

specific granule of human polymorphonuclear leu-
cocytes,” Immunology, vol. 48, no. 1, pp. 27-35,
1983.

B. Z. Carter, Z.-Z. Shi, R. Barrios, and M. W.
Lieberman, “y-Glutamyl Leukotrienase, a ~-
Glutamyl Transpeptidase Gene Family Member,
Is Expressed Primarily in Spleen,” Journal of Bi-
ological Chemistry, vol. 273, no. 43, pp. 28 277—
28 285, 1998.

W. C. Chang and A. B. Parekh, “Close func-
tional coupling between Ca2+ release-activated
Ca2+ channels, arachidonic acid release, and
leukotriene C4 secretion,” J Biol Chem, vol. 279,
no. 29, pp. 29 994-29 999, 2004.

W. C. Chang, J. Di Capite, K. Singaravelu,
C. Nelson, V. Halse, and A. B. Parekh, “Lo-
cal Ca2+ influx through Ca2+ release-activated
Ca2+ (CRAC) channels stimulates production of
an intracellular messenger and an intercellular
pro-inflammatory signal,” J Biol Chem, vol. 283,
no. 8, pp. 4622-4631, 2008.

D. J. Figueroa, L. Borish, D. Baramki, G. Philip,
C. P. Austin, and J. F. Evans, “Expression of
cysteinyl leukotriene synthetic and signalling pro-
teins in inflammatory cells in active seasonal al-
lergic rhinitis,” Clin Exp Allergy, vol. 33, no. 10,
pp- 1380-1388, 2003.

V. Capra, “Molecular and functional aspects of
human cysteinyl leukotriene receptors,” Pharma-
cological Research, vol. 50, no. 1, pp. 1-11, 2004.

A. P. Sampson, R. U. Thomas, J. F. Costello,
and P. J. Piper, “Enhanced leukotriene synthesis
in leukocytes of atopic and asthmatic subjects,”
Br J Clin Pharmacol, vol. 33, no. 4, pp. 423-430,
1992.

S. A. Green, M. P. Malice, W. Tanaka, C. A.
Tozzi, and T. F. Reiss, “Increase in urinary
leukotriene LTE4 levels in acute asthma: corre-
lation with airflow limitation,” Thoraz, vol. 59,
no. 2, pp. 100-104, 2004.

C. A. Camargo Jr., D. M. Gurner, H. A. Smith-
line, R. Chapela, L. M. Fabbri, S. A. Green, M. P.
Malice, C. Legrand, S. B. Dass, B. A. Knorr, and
T. F. Reiss, “A randomized placebo-controlled
study of intravenous montelukast for the treat-
ment of acute asthma,” J Allergy Clin Immunol,
vol. 125, no. 2, pp. 374-380, 2010.

I. Rubinstein, B. Kumar, and C. Schriever,
“Long-term montelukast therapy in moderate to
severe COPD-a preliminary observation,” Respir
Med, vol. 98, no. 2, pp. 134-138, 2004.

P. Celik, A. Sakar, Y. Havlucu, H. Yuksel,
P. Turkdogan, and A. Yorgancioglu, “Short-term
effects of montelukast in stable patients with

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

191

moderate to severe COPD,” Respir Med, vol. 99,
no. 4, pp. 444-450, 2005.

K. Altman and C. Chang, “Pathogenic intracellu-
lar and autoimmune mechanisms in urticaria and
angioedema,” Clin Rev Allergy Immunol, vol. 45,
no. 1, pp. 47-62, 2013.

J. Bockaert and J. P. Pin, “Molecular tinkering
of G protein-coupled receptors: an evolutionary
success,” Embo j, vol. 18, no. 7, pp. 1723-1729,
1999.

G. E. Rovati and V. Capra, “Cysteinyl-
leukotriene receptors and cellular signals,” Scien-
tific WorldJournal, vol. 7, pp. 1375-1392, 2007.

H. S. Kuehn and A. M. Gilfillan, “G protein-
coupled receptors and the modification of
FcepsilonRI-mediated mast cell activation,” Im-
munol Lett, vol. 113, no. 2, pp. 59-69, 2007.

T. H. Lee, K. F. Austen, E. J. Corey, and J. M.
Drazen, “Leukotriene E4-induced airway hyper-
responsiveness of guinea pig tracheal smooth
muscle to histamine and evidence for three sep-
arate sulfidopeptide leukotriene receptors,” Proc
Natl Acad Sci U S A, vol. 81, no. 15, pp. 4922—
4925, 1984.

C. E. Heise, B. F. O’'Dowd, D. J. Figueroa,
N. Sawyer, T. Nguyen, D. S. Im, R. Stocco, J. N.
Bellefeuille, M. Abramovitz, R. Cheng, D. L.
Williams Jr., Z. Zeng, Q. Liu, L. Ma, M. K.
Clements, N. Coulombe, Y. Liu, C. P. Austin,
S. R. George, G. P. O’Neill, K. M. Metters, K. R.
Lynch, and J. F. Evans, “Characterization of the
human cysteinyl leukotriene 2 receptor,” J Btol
Chem, vol. 275, no. 39, pp. 30 531-30 536, 2000.

T. M. Laidlaw and J. A. Boyce, “Cysteinyl
leukotriene receptors, old and new; implications
for asthma,” Clin Exp Allergy, vol. 42, no. 9, pp.
1313-1320, 2012.

T. Balla, “Phosphoinositides: tiny lipids with
giant impact on cell regulation,” Physiol Rev,
vol. 93, no. 3, pp. 1019-1137, 2013.

Y. J. Kim, M. L. Guzman-Hernandez, and
T. Balla, “A highly dynamic ER-derived
phosphatidylinositol-synthesizing organelle sup-
plies phosphoinositides to cellular membranes,”
Dev Cell, vol. 21, no. 5, pp. 813-824, 2011.

B. W. Agranoff, R. M. Bradley, and R. O.
Brady, “The enzymatic synthesis of inositol phos-
phatide,” J Biol Chem, vol. 233, no. 5, pp. 1077—
1083, 1958.

R. S. Seelan, J. Lakshmanan, M. F. Casanova,
and R. N. Parthasarathy, “Identification of myo-
inositol-3-phosphate synthase isoforms: charac-
terization, expression, and putative role of a 16-



REFERENCES

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

kDa gamma(c) isoform,” J Biol Chem, vol. 284,
no. 14, pp. 9443-9457, 2009.

M. J. Berridge, C. P. Downes, and M. R. Hanley,
“Neural and developmental actions of lithium: a
unifying hypothesis,” Cell, vol. 59, no. 3, pp. 411—
419, 1989.

H. M. Kwon, A. Yamauchi, S. Uchida, A. S. Pre-
ston, A. Garcia-Perez, M. B. Burg, and J. S.
Handler, “Cloning of the cDNa for a Na+/myo-
inositol cotransporter, a hypertonicity stress pro-
tein,” J Biol Chem, vol. 267, no. 9, pp. 6297—
6301, 1992.

M. J. Coady, B. Wallendorff, D. G. Gagnon,
and J. Y. Lapointe, “Identification of a novel
Na+/myo-inositol cotransporter,” J Biol Chem,
vol. 277, no. 38, pp. 35219-35 224, 2002.

M. Uldry, M. Ibberson, J. D. Horisberger, J. Y.
Chatton, B. M. Riederer, and B. Thorens,
“Identification of a mammalian H(+)-myo-
inositol symporter expressed predominantly in
the brain,” Embo j, vol. 20, no. 16, pp. 4467—
4477, 2001.

F. McPhee, G. Lowe, C. Vaziri, and C. P.
Downes, “Phosphatidylinositol synthase and
phosphatidylinositol /inositol exchange reactions
in turkey erythrocyte membranes,” Biochem J,
vol. 275 ( Pt 1, pp. 187-192, 1991.

C. Vaziri, C. P. Downes, and S. C. Macfarlane,
“Direct labelling of hormone-sensitive phospho-
inositides by a plasma-membrane-associated Pt-
dIns synthase in turkey erythrocytes,” Biochem
J, vol. 294 ( Pt 3, pp. 793-799, 1993.

D. J. Sillence and C. P. Downes, “Subcellular
distribution of agonist-stimulated phosphatidyli-
nositol synthesis in 1321 N1 astrocytoma cells,”
Biochem J, vol. 290 ( Pt 2, pp. 381-387, 1993.

A. Imai and M. C. Gershengorn, “Regula-
tion by phosphatidylinositol of rat pituitary
plasma membrane and endoplasmic reticulum
phosphatidylinositol synthase activities. A mech-
anism for activation of phosphoinositide resyn-
thesis during cell stimulation,” J Biol Chem, vol.
262, no. 14, pp. 6457-6459, 1987.

S. Cockcroft and N. Carvou, “Biochemical and
biological functions of class I phosphatidylinosi-
tol transfer proteins,” Biochim Biophys Acta, vol.
1771, no. 6, pp. 677-691, 2007.

C. Nasuhoglu, S. Feng, J. Mao, M. Yamamoto,
H. L. Yin, S. Earnest, B. Barylko, J. P. Albanesi,
and D. W. Hilgemann, “Nonradioactive analysis
of phosphatidylinositides and other anionic phos-
pholipids by anion-exchange high-performance
liquid chromatography with suppressed conduc-

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

192

tivity detection,” Anal Biochem, vol. 301, no. 2,
pp. 243-254, 2002.

M. R. Wenk, L. Lucast, G. Di Paolo, A. J. Ro-
manelli, S. F. Suchy, R. L. Nussbaum, G. W.
Cline, G. I. Shulman, W. McMurray, and P. De
Camilli, “Phosphoinositide profiling in complex
lipid mixtures using electrospray ionization mass
spectrometry,” Nat Biotechnol, vol. 21, no. 7, pp.
813-817, 2003.

K. Ling, N. J. Schill, M. P. Wagoner, Y. Sun,
and R. A. Anderson, “Movin’ on up: the role of
PtdIns(4,5)P(2) in cell migration,” Trends Cell
Biol, vol. 16, no. 6, pp. 276-284, 2006.

N. Thapa, Y. Sun, M. Schramp, S. Choi, K. Ling,
and R. A. Anderson, “Phosphoinositide signaling
regulates the exocyst complex and polarized inte-
grin trafficking in directionally migrating cells,”
Dev Cell, vol. 22, no. 1, pp. 116-130, 2012.

T. F. Martin, “PI(4,5)P(2) regulation of surface
membrane traffic,” Curr Opin Cell Biol, vol. 13,
no. 4, pp. 493-499, 2001.

C. A. Barlow, R. S. Laishram, and R. A. An-
derson, “Nuclear phosphoinositides: a signal-
ing enigma wrapped in a compartmental conun-
drum,” Trends Cell Biol, vol. 20, no. 1, pp. 25-35,
2010.

C. V. Filomatori and A. F. Rega, “On the
mechanism of activation of the plasma mem-
brane Ca2+-ATPase by ATP and acidic phos-
pholipids,” J Biol Chem, vol. 278, no. 25, pp.
22265-22271, 2003.

A. Yaradanakul, S. Feng, C. Shen, V. Laric-
cia, M. J. Lin, J. Yang, T. M. Kang, P. Dong,
H. L. Yin, J. P. Albanesi, and D. W. Hilgemann,
“Dual control of cardiac Na+ Ca2+ exchange
by PIP(2): electrophysiological analysis of direct
and indirect mechanisms,” J Physiol, vol. 582,
no. Pt 3, pp. 991-1010, 2007.

B. C. Suh, D. I. Kim, B. H. Falkenburger, and
B. Hille, “Membrane-localized beta-subunits al-
ter the PIP2 regulation of high-voltage activated
Ca2+ channels,” Proc Natl Acad Sci U S A, vol.
109, no. 8, pp. 3161-3166, 2012.

N. Gamper, V. Reznikov, Y. Yamada, J. Yang,
and M. S. Shapiro, “Phosphatidylinositol [correc-
tion] 4,5-bisphosphate signals underlie receptor-
specific Gq/11-mediated modulation of N-type
Ca2+ channels,” J Neurosci, vol. 24, no. 48, pp.
10980-10992, 2004.

M. Rousset, T. Cens, A. Gouin-Charnet,
F. Scamps, and P. Charnet, “Ca2+ and
phosphatidylinositol 4,5-bisphosphate stabilize a
Gbeta gamma-sensitive state of Ca V2 Ca 2+



REFERENCES

[242]

[243]

[244]

[245]

[246]

[247]

[248)

[249]

[250]

[251]

channels,” J Biol Chem, vol. 279, no. 15, pp.
14619-14 630, 2004.

T. Balla, “Phosphoinositides: tiny lipids with
giant impact on cell regulation,” Physiol Rev,
vol. 93, no. 3, pp. 1019-1137, 2013.

L. M. Broad, F. J. Braun, J. P. Lievremont, G. S.
Bird, T. Kurosaki, and J. W. Putney Jr., “Role of
the phospholipase C-inositol 1,4,5-trisphosphate
pathway in calcium release-activated calcium cur-
rent and capacitative calcium entry,” J Biol
Chem, vol. 276, no. 19, pp. 15945-15952, 2001.

N. Calloway, T. Owens, K. Corwith, W. Rodgers,
D. Holowka, and B. Baird, “Stimulated associa-
tion of STIM1 and Orail is regulated by the bal-
ance of PtdIns(4,5)P(2) between distinct mem-
brane pools,” J Cell Sci, vol. 124, no. Pt 15, pp.
2602-2610, 2011.

M. K. Korzeniowski, M. A. Popovic, Z. Szent-
petery, P. Varnai, S. S. Stojilkovic, and T. Balla,
“Dependence of STIM1/Orail-mediated calcium
entry on plasma membrane phosphoinositides,”
J Biol Chem, vol. 284, no. 31, pp. 21 027-21 035,
2009.

C. M. Walsh, M. Chvanov, L. P. Haynes, O. H.
Petersen, A. V. Tepikin, and R. D. Burgoyne,
“Role of phosphoinositides in STIM1 dynamics
and store-operated calcium entry,” Biochem J,
vol. 425, no. 1, pp. 159-168, 2010.

M. A. Lokuta, M. A. Senetar, D. A. Bennin,
P. A. Nuzzi, K. T. Chan, V. L. Ott, and A. Hut-
tenlocher, “Type Igamma PIP kinase is a novel
uropod component that regulates rear retraction
during neutrophil chemotaxis,” Mol Biol Cell,
vol. 18, no. 12, pp. 5069-5080, 2007.

J. J. Hao, Y. Liu, M. Kruhlak, K. E. Debell,
B. L. Rellahan, and S. Shaw, “Phospholipase C-
mediated hydrolysis of PIP2 releases ERM pro-
teins from lymphocyte membrane,” J Cell Biol,
vol. 184, no. 3, pp. 451-462, 2009.

C. C. Scott, W. Dobson, R. J. Botelho, N. Coady-
Osberg, P. Chavrier, D. A. Knecht, C. Heath,
P. Stahl, and S. Grinstein, “Phosphatidylinositol-
4,5-bisphosphate hydrolysis directs actin remod-
eling during phagocytosis,” J Cell Biol, vol. 169,
no. 1, pp. 139-149, 2005.

Y. Sun, R. D. Dandekar, Y. S. Mao, H. L. Yin,
and C. Wulfing, “Phosphatidylinositol (4,5) bis-
phosphate controls T cell activation by regulat-
ing T cell rigidity and organization,” PLoS One,
vol. 6, no. 11, p. €27227, 2011.

T. Yamashita, T. Yamaguchi, K. Murakami, and
S. Nagasawa, “Detergent-resistant membrane do-
mains are required for mast cell activation but
dispensable for tyrosine phosphorylation upon

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

193

aggregation of the high affinity receptor for IgE,”
J Biochem, vol. 129, no. 6, pp. 861-868, 2001.

M. M. Wilkes, J. D. Wilson, B. Baird, and
D. Holowka, “Activation of Cdc42 is necessary
for sustained oscillations of Ca2+ and PIP2 stim-
ulated by antigen in RBL mast cells,” Biol Open,
vol. 3, no. 8, pp. 700-710, 2014.

S. Santos Mde, R. M. Naal, B. Baird, and
D. Holowka, “Inhibitors of PI(4,5)P2 synthesis
reveal dynamic regulation of IgE receptor signal-
ing by phosphoinositides in RBL mast cells,” Mol
Pharmacol, vol. 83, no. 4, pp. 793-804, 2013.

L. Vasudevan, A. Jeromin, L. Volpicelli-Daley,
P. De Camilli, D. Holowka, and B. Baird, “The
beta- and gamma-isoforms of type I PIP5K reg-
ulate distinct stages of Ca2+ signaling in mast
cells,” J Cell Sci, vol. 122, no. Pt 14, pp. 2567—
2574, 2009.

G. R. Hammond, S. K. Dove, A. Nicol, J. A. Pinx-
teren, D. Zicha, and G. Schiavo, “Elimination
of plasma membrane phosphatidylinositol (4,5)-
bisphosphate is required for exocytosis from mast
cells,” J Cell Sci, vol. 119, no. Pt 10, pp. 2084—
2094, 2006.

B. J. Haddock, Y. Zhu, S. P. Doyle, L. H. Abdul-
lah, and C. W. Davis, “Role of MARCKS in regu-
lated secretion from mast cells and airway goblet
cells,” Am J Physiol Lung Cell Mol Physiol, vol.
306, no. 10, pp. L.925-36, 2014.

Y. Kapp-Barnea, S. Melnikov, I. Shefler,
A. Jeromin, and R. Sagi-Eisenberg, “Neuronal
calcium sensor-1 and phosphatidylinositol 4-
kinase beta regulate IgE receptor-triggered exo-
cytosis in cultured mast cells,” J Immunol, vol.
171, no. 10, pp. 5320-5327, 2003.

G. Way, N. O’Luanaigh, and S. Cockcroft, “Ac-
tivation of exocytosis by cross-linking of the IgE
receptor is dependent on ADP-ribosylation factor
1-regulated phospholipase D in RBL-2H3 mast
cells: evidence that the mechanism of activa-
tion is via regulation of phosphatidylinositol 4,5-
bisphosphate s,” Biochem J, vol. 346 Pt 1, pp.
63-70, 2000.

J. Sasaki, T. Sasaki, M. Yamazaki, K. Mat-
suoka, C. Taya, H. Shitara, S. Takasuga,
M. Nishio, K. Mizuno, T. Wada, H. Miyazaki,
H. Watanabe, R. Tlizuka, S. Kubo, S. Mu-
rata, T. Chiba, T. Maehama, K. Hamada,
H. Kishimoto, M. A. Frohman, K. Tanaka,
J. M. Penninger, H. Yonekawa, A. Suzuki, and
Y. Kanaho, “Regulation of anaphylactic re-
sponses by phosphatidylinositol phosphate kinase
type I {alpha},” J Ezp Med, vol. 201, no. 6, pp.
859-870, 2005.



REFERENCES

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

A. Balla, Y. J. Kim, P. Varnai, Z. Szentpetery,
Z. Knight, K. M. Shokat, and T. Balla, “Main-
tenance of hormone-sensitive phosphoinositide
pools in the plasma membrane requires phos-
phatidylinositol 4-kinase IIlalpha,” Mol Biol
Cell, vol. 19, no. 2, pp. 711-721, 2008.

A. Audhya and S. D. Emr, “Stt4 PI 4-kinase lo-
calizes to the plasma membrane and functions
in the Pkcl-mediated MAP kinase cascade,” Dev
Cell, vol. 2, no. 5, pp. 593-605, 2002.

A. Balla, G. Tuymetova, A. Tsiomenko, P. Var-
nai, and T. Balla, “A plasma membrane pool
of phosphatidylinositol 4-phosphate is generated
by phosphatidylinositol 4-kinase type-III alpha:
studies with the PH domains of the oxysterol
binding protein and FAPP1,” Mol Biol Cell,
vol. 16, no. 3, pp. 1282-1295, 2005.

K. Wong, R. Meyers dd, and L. C. Cantley, “Sub-
cellular locations of phosphatidylinositol 4-kinase
isoforms,” J Biol Chem, vol. 272, no. 20, pp.
13236-13 241, 1997.

F. Nakatsu, J. M. Baskin, J. Chung, L.. B. Tanner,
G. Shui, S. Y. Lee, M. Pirruccello, M. Hao, N. T.
Ingolia, M. R. Wenk, and P. De Camilli, “Pt-
dIns4P synthesis by PI4KIIlalpha at the plasma
membrane and its impact on plasma membrane
identity,” J Cell Biol, vol. 199, no. 6, pp. 1003—
1016, 2012.

A. Zolyomi, X. Zhao, G. J. Downing, and
T. Balla, “Localization of two distinct type III
phosphatidylinositol 4-kinase enzyme mRNAs in
the rat,” Am J Physiol Cell Physiol, vol. 278,
no. 5, pp. C914-20, 2000.

F. H. Vaillancourt, L. Pilote, M. Cartier, J. Lip-
pens, M. Liuzzi, R. C. Bethell, M. G. Cordingley,
and G. Kukolj, “Identification of a lipid kinase as
a host factor involved in hepatitis C virus RNA
replication,” Virology, vol. 387, no. 1, pp. 5-10,
2009.

P. de Graaf, E. E. Klapisz, T. K. Schulz, A. F.
Cremers, A. J. Verkleij, and P. M. van Bergen
en Henegouwen, “Nuclear localization of phos-
phatidylinositol 4-kinase beta,” J Cell Sci, vol.
115, no. Pt 8, pp. 1769-1775, 2002.

A. Godi, P. Pertile, R. Meyers, P. Marra, G. Di
Tullio, C. Iurisci, A. Luini, D. Corda, and
M. A. De Matteis, “ARF mediates recruitment
of PtdIns-4-OH kinase-beta and stimulates syn-
thesis of PtdIns(4,5)P2 on the Golgi complex,”
Nat Cell Biol, vol. 1, no. 5, pp. 280-287, 1999.

L. P. Haynes, G. M. Thomas, and R. D. Bur-
goyne, “Interaction of neuronal calcium sensor-
1 and ADP-ribosylation factor 1 allows bidi-
rectional control of phosphatidylinositol 4-kinase
beta and trans-Golgi network-plasma membrane

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

194

traffic,” J Biol Chem, vol. 280, no. 7, pp. 6047—
6054, 2005.

N. Y. Hsu, O. Ilnytska, G. Belov, M. San-
tiana, Y. H. Chen, P. M. Takvorian, C. Pau,
H. van der Schaar, N. Kaushik-Basu, T. Balla,
C. E. Cameron, E. Ehrenfeld, F. J. van Kup-
peveld, and N. Altan-Bonnet, “Viral reorganiza-
tion of the secretory pathway generates distinct
organelles for RNA replication,” Cell, vol. 141,
no. 5, pp. 799-811, 2010.

B. Barylko, S. H. Gerber, D. D. Binns, N. Gri-
chine, M. Khvotchev, T. C. Sudhof, and J. P.
Albanesi, “A novel family of phosphatidylinosi-
tol 4-kinases conserved from yeast to humans,” J
Biol Chem, vol. 276, no. 11, pp. 7705-7708, 2001.

Y. J. Wei, H. Q. Sun, M. Yamamoto, P. Wlo-
darski, K. Kunii, M. Martinez, B. Barylko, J. P.
Albanesi, and H. L. Yin, “Type II phosphatidyli-
nositol 4-kinase beta is a cytosolic and peripheral
membrane protein that is recruited to the plasma
membrane and activated by Rac-GTP,” J Biol
Chem, vol. 277, no. 48, pp. 46 586—46 593, 2002.

A. Balla, G. Tuymetova, M. Barshishat,
M. Geiszt, and T. Balla, “Characterization of
type II phosphatidylinositol 4-kinase isoforms re-
veals association of the enzymes with endosomal
vesicular compartments,” J Biol Chem, vol. 277,
no. 22, pp. 20041-20 050, 2002.

Y. J. Wang, J. Wang, H. Q. Sun, M. Martinez,
Y. X. Sun, E. Macia, T. Kirchhausen, J. P.
Albanesi, M. G. Roth, and H. L. Yin, “Phos-
phatidylinositol 4 phosphate regulates targeting
of clathrin adaptor AP-1 complexes to the Golgi,”
Cell, vol. 114, no. 3, pp. 299-310, 2003.

S. Minogue, M. G. Waugh, M. A. De Matteis,
D. J. Stephens, F. Berditchevski, and J. J. Hsuan,
“Phosphatidylinositol 4-kinase is required for en-
dosomal trafficking and degradation of the EGF
receptor,” J Cell Sci, vol. 119, no. Pt 3, pp. 571—
581, 2006.

M. Jovic, M. J. Kean, Z. Szentpetery, G. Polevoy,
A. C. Gingras, J. A. Brill, and T. Balla, “Two
phosphatidylinositol 4-kinases control lysosomal
delivery of the Gaucher disease enzyme, beta-
glucocerebrosidase,” Mol Biol Cell, vol. 23, no. 8,
pp. 1533-1545, 2012.

J. P. Simons, R. Al-Shawi, S. Minogue, M. G.
Waugh, C. Wiedemann, S. Evangelou, A. Loesch,
T. S. Sihra, R. King, T. T. Warner, and J. J.
Hsuan, “Loss of phosphatidylinositol 4-kinase
2alpha activity causes late onset degeneration of
spinal cord axons,” Proc Natl Acad Sci U S A,
vol. 106, no. 28, pp. 11535-11 539, 2009.

M. Cleeter, H. Houlden, P. Simons, R. Al-Shawi,
G. Stevanin, A. Durr, J. Hsuan, and T. T.



REFERENCES

[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

[287]

Warner, “Screening for mutations in the phos-
phatidylinositol 4-kinase 2-alpha gene in auto-
somal recessive hereditary spastic paraplegia,”
Amyotroph Lateral Scler, vol. 12, no. 2, pp. 148—
149, 2011.

D. Sbrissa, O. C. Ikonomov, R. Deeb, and A. Shi-
sheva, “Phosphatidylinositol 5-phosphate biosyn-
thesis is linked to PIKfyve and is involved in os-
motic response pathway in mammalian cells,” J
Biol Chem, vol. 277, no. 49, pp. 47276-47 284,
2002.

L. E. Rameh, K. F. Tolias, B. C. Duckworth,
and L. C. Cantley, “A new pathway for syn-
thesis of phosphatidylinositol-4,5-bisphosphate,”
Nature, vol. 390, no. 6656, pp. 192-196, 1997.

G. Guittard, A. Gerard, S. Dupuis-Coronas,
H. Tronchere, E. Mortier, C. Favre, D. Olive,
P. Zimmermann, B. Payrastre, and J. A. Nunes,
“Cutting edge: Dok-1 and Dok-2 adaptor
molecules are regulated by phosphatidylinositol
5-phosphate production in T cells,” J Immunol,
vol. 182, no. 7, pp. 3974-3978, 2009.

D. Sbrissa, O. C. Ikonomov, J. Strakova, and
A. Shisheva, “Role for a novel signaling in-
termediate, phosphatidylinositol 5-phosphate, in
insulin-regulated F-actin stress fiber breakdown
and GLUT4 translocation,” Endocrinology, vol.
145, no. 11, pp. 4853-4865, 2004.

D. L. Grainger, C. Tavelis, A. J. Ryan, and K. A.
Hinchliffe, “Involvement of phosphatidylinositol
5-phosphate in insulin-stimulated glucose uptake
in the L6 myotube model of skeletal muscle,”
Pflugers Arch, vol. 462, no. 5, pp. 723-732, 2011.

D. R. Jones, Y. Bultsma, W. J. Keune, J. R. Hal-
stead, D. Elouarrat, S. Mohammed, A. J. Heck,
C. S. D’Santos, and N. Divecha, “Nuclear Pt-
dIns5P as a transducer of stress signaling: an in
vivo role for PIP4Kbeta,” Mol Cell, vol. 23, no. 5,
pp. 685-695, 2006.

P. V. Schu, K. Takegawa, M. J. Fry, J. H. Stack,
M. D. Waterfield, and S. D. Emr, “Phosphatidyli-
nositol 3-kinase encoded by yeast VPS34 gene es-
sential for protein sorting,” Science, vol. 260, no.
5104, pp. 88-91, 1993.

D. J. Gillooly, I. C. Morrow, M. Lindsay,
R. Gould, N. J. Bryant, J. M. Gaullier, R. G.
Parton, and H. Stenmark, “Localization of phos-
phatidylinositol 3-phosphate in yeast and mam-
malian cells,” Embo j, vol. 19, no. 17, pp. 4577—
4588, 2000.

A. Tassa, M. P. Roux, D. Attaix, and D. M.
Bechet, “Class III phosphoinositide 3-kinase—
Beclinl complex mediates the amino acid-
dependent regulation of autophagy in C2C12 my-

[288]

[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

195

otubes,” Biochem J, vol. 376, no. Pt 3, pp. 577—
586, 2003.

C. Liang, P. Feng, B. Ku, B. H. Oh, and J. U.
Jung, “UVRAG: a new player in autophagy and
tumor cell growth,” Autophagy, vol. 3, no. 1, pp.
69-71, 2007.

T. Suzuki, Y. Banno, and Y. Nozawa, “Partial
purification and characterization of two forms of
phosphatidylinositol 4-phosphate 5-kinase from
human platelet membrane,” Thromb Res, vol. 64,
no. 1, pp. 45-56, 1991.

R. L. Doughman, A. J. Firestone, M. L. Wo-
jtasiak, M. W. Bunce, and R. A. Anderson,
“Membrane Ruffling Requires Coordination be-
tween Type Io Phosphatidylinositol Phosphate
Kinase and Rac Signaling,” Journal of Biological
Chemistry, vol. 278, no. 25, pp. 23036-23 045,
2003.

J. C. Loijens, I. V. Boronenkov, G. J. Parker,
and R. A. Anderson, “The phosphatidylinositol
4-phosphate 5-kinase family,” Adv Enzyme Regul,
vol. 36, pp. 115-140, 1996.

H. Ishihara, Y. Shibasaki, N. Kizuki, T. Wada,

Y. Yazaki, T. Asano, and Y. Oka, “Type I
phosphatidylinositol-4-phosphate 5-kinases.
Cloning of the third isoform and dele-

tion/substitution analysis of members of
this novel lipid kinase family,” J Biol Chem, vol.
273, no. 15, pp. 8741-8748, 1998.

D. L. Mellman, M. L. Gonzales, C. Song,
C. A. Barlow, P. Wang, C. Kendziorski, and
R. A. Anderson, “A PtdIns4,5P2-regulated nu-
clear poly(A) polymerase controls expression of
select mRNAs,” Nature, vol. 451, no. 7181, pp.
1013-1017, 2008.

M. Thiriet, Intracellular Signaling Mediators
in the Circulatory and Ventilatory Systems.
Springer New York, 2013, vol. 4.

M. G. Coppolino, R. Dierckman, J. Loijens, R. F.
Collins, M. Pouladi, J. Jongstra-Bilen, A. D.
Schreiber, W. S. Trimble, R. Anderson, and
S. Grinstein, “Inhibition of phosphatidylinositol-
4-phosphate 5-kinase lalpha impairs localized
actin remodeling and suppresses phagocytosis,”
J Biol Chem, vol. 277, no. 46, pp. 43 849-43 857,
2002.

R. J. Botelho, M. Teruel, R. Dierckman, R. An-
derson, A. Wells, J. D. York, T. Meyer, and
S. Grinstein, “Localized biphasic changes in
phosphatidylinositol-4,5-bisphosphate at sites of
phagocytosis,” J Cell Biol, vol. 151, no. 7, pp.
1353-1368, 2000.

Y. S. Mao, M. Yamaga, X. Zhu, Y. Wei, H. Q.
Sun, J. Wang, M. Yun, Y. Wang, G. Di Paolo,



REFERENCES

[298)

[299]

[300]

301]

[302]

[303]

[304)

[305)

[306]

M. Bennett, I. Mellman, C. S. Abrams, P. De
Camilli, C. Y. Lu, and H. L. Yin, “Essential
and unique roles of PIP5K-gamma and -alpha
in Fcgamma receptor-mediated phagocytosis,” J
Cell Biol, vol. 184, no. 2, pp. 281-296, 2009.

Y. Wang, R. I. Litvinov, X. Chen, T. L. Bach,
L. Lian, B. G. Petrich, S. J. Monkley, Y. Kanaho,
D. R. Critchley, T. Sasaki, M. J. Birnbaum, J. W.
Weisel, J. Hartwig, and C. S. Abrams, “Loss
of PIP5KIgamma, unlike other PIP5KI isoforms,
impairs the integrity of the membrane cytoskele-
ton in murine megakaryocytes,” J Clin Invest,
vol. 118, no. 2, pp. 812-819, 2008.

K. F. Tolias, J. H. Hartwig, H. Ishihara,
Y. Shibasaki, L. C. Cantley, and C. L. Carpenter,
“Type Ialpha phosphatidylinositol-4-phosphate
5-kinase mediates Rac-dependent actin assem-
bly,” Curr Biol, vol. 10, no. 3, pp. 153—156, 2000.

M. Yamamoto, M. Z. Chen, Y. J. Wang, H. Q.
Sun, Y. Wei, M. Martinez, and H. L. Yin, “Hy-
pertonic stress increases phosphatidylinositol 4,5-
bisphosphate levels by activating PIP5KIbeta,”
J Biol Chem, vol. 281, no. 43, pp. 32630-32 638,
2006.

R. A. Lacalle, R. M. Peregil, J. P. Al-
bar, E. Merino, A. C. Martinez, I. Merida,
and S. Manes, “Type I phosphatidylinositol 4-
phosphate 5-kinase controls neutrophil polarity
and directional movement,” J Cell Biol, vol. 179,
no. 7, pp. 1539-1553, 2007.

M. L. Giudici, P. C. Emson, and R. F. Irvine,
“A novel neuronal-specific splice variant of Type
I phosphatidylinositol 4-phosphate 5-kinase iso-
form gamma,” Biochem J, vol. 379, no. Pt 2, pp.
489-496, 2004.

Y. Xia, R. F. Irvine, and M. L. Giu-
dici, “Phosphatidylinositol 4-phosphate 5-kinase
Igamma_v6, a new splice variant found in rodents
and humans,” Biochem Biophys Res Commun,
vol. 411, no. 2, pp. 416420, 2011.

N. J. Schill and R. A. Anderson, “Two novel
phosphatidylinositol-4-phosphate 5-kinase type
Igamma splice variants expressed in human cells
display distinctive cellular targeting,” Biochem J,
vol. 422, no. 3, pp. 473-482, 2009.

I. van den Bout and N. Divecha, “PIP5K-driven
PtdIns(4,5)P2 synthesis: regulation and cellular
functions,” J Cell Sci, vol. 122, no. 21, pp. 3837—
3850, 2009.

T. Y. El Sayegh, P. D. Arora, K. Ling,
C. Laschinger, P. A. Janmey, R. A. Anderson,
and C. A. McCulloch, “Phosphatidylinositol-4,5
bisphosphate produced by PIP5KIgamma reg-
ulates gelsolin, actin assembly, and adhesion

307]

[308]

[309]

[310]

[311]

312]

[313]

[314]

[315]

[316]

196

strength of N-cadherin junctions,” Mol Biol Cell,
vol. 18, no. 8, pp. 3026-3038, 2007.

D. J. Powner, R. M. Payne, T. R. Pettitt, M. L.
Giudici, R. F. Irvine, and M. J. Wakelam, “Phos-
pholipase D2 stimulates integrin-mediated ad-
hesion via phosphatidylinositol 4-phosphate 5-
kinase Igamma b,” J Cell Sci, vol. 118, no. Pt
13, pp. 2975-2986, 2005.

J. H. Clarke, M. Wang, and R. F. Irvine, “Local-
ization, regulation and function of type II phos-
phatidylinositol 5-phosphate 4-kinases,” Adv En-
zyme Regul, vol. 50, no. 1, pp. 12-18, 2010.

Y. Bultsma, W. J. Keune, and N. Divecha,
“PIP4Kbeta interacts with and modulates nu-
clear localization of the high-activity PtdIns5P-
4-kinase isoform PIP4Kalpha,” Biochem J, vol.
430, no. 2, pp. 223-235, 2010.

J. H. Clarke, P. C. Emson, and R. F. Irvine, “Lo-
calization of phosphatidylinositol phosphate ki-
nase IIgamma in kidney to a membrane traffick-
ing compartment within specialized cells of the
nephron,” Am J Physiol Renal Physiol, vol. 295,
no. 5, pp. F1422-30, 2008.

N. Rozenvayn and R. Flaumenhaft, “Protein ki-
nase C mediates translocation of type II phos-
phatidylinositol 5-phosphate 4-kinase required
for platelet alpha-granule secretion,” J Biol
Chem, vol. 278, no. 10, pp. 8126-8134, 2003.

A. M. Castellino, G. J. Parker, I. V. Boro-
nenkov, R. A. Anderson, and M. V. Chao, “A
novel interaction between the juxtamembrane re-
gion of the pb5 tumor necrosis factor receptor
and phosphatidylinositol-4-phosphate 5-kinase,”
J Biol Chem, vol. 272, no. 9, pp. 5861-5870, 1997.

A. M. Castellino and M. V. Chao, “Differential
association of phosphatidylinositol-5-phosphate
4-kinase with the EGF/ErbB family of recep-
tors,” Cell Signal, vol. 11, no. 3, pp. 171-177,
1999.

K. A. Lamia, O. D. Peroni, Y. B. Kim, L. E.
Rameh, B. B. Kahn, and L. C. Cantley, “In-
creased insulin sensitivity and reduced adipos-
ity in phosphatidylinositol 5-phosphate 4-kinase
beta-/- mice,” Mol Cell Biol, vol. 24, no. 11, pp.
5080-5087, 2004.

A. Yamamoto, D. B. DeWald, I. V. Boronenkov,
R. A. Anderson, S. D. Emr, and D. Koshland,
“Novel PI(4)P 5-kinase homologue, Fablp, essen-
tial for normal vacuole function and morphology
in yeast,” Mol Biol Cell, vol. 6, no. 5, pp. 525—
539, 1995.

A. Shisheva, D. Sbrissa, and O. Ikonomov,
“Cloning, characterization, and expression of
a novel Zn2+-binding FYVE finger-containing



REFERENCES

317]

[318]

[319]

[320]

[321]

[322]

[323]

[324]

[325)

phosphoinositide kinase in insulin-sensitive cells,”
Mol Cell Biol, vol. 19, no. 1, pp. 623634, 1999.

O. C. Ikonomov, D. Sbrissa, J. Fligger, K. Delvec-
chio, and A. Shisheva, “ArPIKfyve regulates Sac3
protein abundance and turnover: disruption of
the mechanism by Sac3I41T mutation causing
Charcot-Marie-Tooth 4J disorder,” J Biol Chem,
vol. 285, no. 35, pp. 26 760-26 764, 2010.

E. V. Hill, C. A. Hudson, D. Vertommen, M. H.
Rider, and J. M. Tavare, “Regulation of PIKfyve
phosphorylation by insulin and osmotic stress,”
Biochem Biophys Res Commun, vol. 397, no. 4,
pp. 650-655, 2010.

O. C. Ikonomov, D. Sbrissa, M. Foti, J. L. Car-
pentier, and A. Shisheva, “PIKfyve controls fluid
phase endocytosis but not recycling/degradation
of endocytosed receptors or sorting of procathep-
sin D by regulating multivesicular body morpho-
genesis,” Mol Biol Cell, vol. 14, no. 11, pp. 4581~
4591, 2003.

S. A. Watt, G. Kular, I. N. Fleming, C. P.
Downes, and J. M. Lucocq, “Subcellular local-
ization of phosphatidylinositol 4,5-bisphosphate
using the pleckstrin homology domain of phos-
pholipase C deltal,” Biochem J, vol. 363, no. Pt
3, pp. 657-666, 2002.

S. Choi, N. Thapa, X. Tan, A. C. Hedman, and
R. A. Anderson, “PIP kinases define P14,5P2 sig-
naling specificity by association with effectors,”
Biochimica et Biophysica Acta (BBA) - Molecu-
lar and Cell Biology of Lipids, vol. 1851, no. 6,
pp. 711-723, 2015.

G. R. Hammond, G. Schiavo, and R. F. Irvine,
“Immunocytochemical techniques reveal multi-
ple, distinct cellular pools of PtdIns4P and Pt-
dIns(4,5)P(2),” Biochem J, vol. 422, no. 1, pp.
23-35, 2009.

V. P. Sharma, V. DesMarais, C. Sumners,
G. Shaw, and A. Narang, “Immunostaining ev-
idence for PI(4,5)P2 localization at the leading
edge of chemoattractant-stimulated HL-60 cells,”
J Leukoc Biol, vol. 84, no. 2, pp. 440-447, 2008.

P. Pinon, J. Péarssinen, P. Vazquez, M. Bach-
mann, R. Rahikainen, M. C. Jacquier, L. Azizi,
J. A. Maatta, M. Bastmeyer, V. P. Hytonen, and
B. Wehrle-Haller, “Talin-bound NPLY motif re-
cruits integrin-signaling adapters to regulate cell
spreading and mechanosensing,” Journal of Cell
Biology, vol. 205, no. 2, pp. 265-281, 2014.

K. Ling, R. L. Doughman, A. J. Firestone,
M. W. Bunce, and R. A. Anderson, “Type
I gamma phosphatidylinositol phosphate kinase
targets and regulates focal adhesions,” Nature,
vol. 420, no. 6911, pp. 89-93, 2002.

[326]

[327]

[328]

[329]

[330]

[331]

[332]

[333]

[334]

[335]

197

G. Di Paolo, L. Pellegrini, K. Letinic, G. Cestra,
R. Zoncu, S. Voronov, S. Chang, J. Guo, M. R.
Wenk, and P. De Camilli, “Recruitment and reg-
ulation of phosphatidylinositol phosphate kinase
type 1 gamma by the FERM domain of talin,”
Nature, vol. 420, no. 6911, pp. 85-89, 2002.

D. J. Rees, S. E. Ades, S. J. Singer, and R. O.
Hynes, “Sequence and domain structure of talin,”
Nature, vol. 347, no. 6294, pp. 685—689, 1990.

A. R. Gingras, N. Bate, B. T. Goult, L. Hazel-
wood, I. Canestrelli, J. G. Grossmann, H. Liu,
N. S. Putz, G. C. Roberts, N. Volkmann,
D. Hanein, I. L. Barsukov, and D. R. Critchley,
“The structure of the C-terminal actin-binding
domain of talin,” Embo j, vol. 27, no. 2, pp. 458—
469, 2008.

P. R. Elliott, B. T. Goult, P. M. Kopp, N. Bate,
J. G. Grossmann, G. C. Roberts, D. R. Critchley,
and I. L. Barsukov, “The Structure of the talin
head reveals a novel extended conformation of the
FERM domain,” Structure, vol. 18, no. 10, pp.
1289-1299, 2010.

J.-h. Wang, “Pull and push: Talin activation for
integrin signaling,” Cell Res, vol. 22, no. 11, pp.
1512-1514, 2012.

J. R. Halstead, N. E. Savaskan, I. Van Den Bout,
F. Van Horck, A. Hajdo-Milasinovic, M. Snell,
W. J. Keune, J. P. Ten Klooster, P. L. Hordijk,
and N. Divecha, “Rac controls PIP5K localisa-
tion and PtdIns(4,5)P2 synthesis, which modu-
lates vinculin localisation and neurite dynamics,”
J Cell Sci, vol. 123, no. 20, pp. 3535-3546, 2010.

D. Michaelson, W. Abidi, D. Guardavaccaro,
M. Zhou, I. Ahearn, M. Pagano, and M. R.
Philips, “Racl accumulates in the nucleus dur-
ing the G2 phase of the cell cycle and promotes
cell division,” J Cell Biol, vol. 181, no. 3, pp.
485-496, 2008.

E. Sahai and C. J. Marshall, “RHO-GTPases and
cancer,” Nat Rev Cancer, vol. 2, no. 2, pp. 133—
142, 2002.

V. Sanz-Moreno, G. Gadea, J. Ahn, H. Paterson,
P. Marra, S. Pinner, E. Sahai, and C. J. Marshall,
“Rac activation and inactivation control plastic-
ity of tumor cell movement,” Cell, vol. 135, no. 3,
pp- 510-523, 2008.

T. Kawashima, Y. C. Bao, Y. Nomura,
Y. Moon, Y. Tonozuka, Y. Minoshima, T. Hatori,
A. Tsuchiya, M. Kiyono, T. Nosaka, H. Naka-
jima, D. A. Williams, and T. Kitamura, “Racl
and a GTPase-activating protein, MgcRacGAP,
are required for nuclear translocation of STAT
transcription factors,” J Cell Biol, vol. 175, no. 6,
pp. 937-946, 2006.



REFERENCES

[336)

[337)

[338]

[339]

[340)

341]

[342]

[343)

[344]

[345]

F. Guo, J. A. Cancelas, D. Hildeman, D. A.
Williams, and Y. Zheng, “Rac GTPase isoforms
Racl and Rac2 play a redundant and crucial role
in T-cell development,” Blood, vol. 112, no. 5, pp.
1767-1775, 2008.

C. Soulet, S. Gendreau, K. Missy, V. Benard,
M. Plantavid, and B. Payrastre, “Characterisa-
tion of Rac activation in thrombin- and collagen-
stimulated human blood platelets,” FEBS Lett,
vol. 507, no. 3, pp. 253-258, 2001.

B. Xu, P. Chelikani, and R. P. Bhullar,
“Characterization and functional analysis of the
calmodulin-binding domain of Racl GTPase,”
PLoS One, vol. 7, no. 8, p. e42975, 2012.

M. Vidal-Quadras, M. Gelabert-Baldrich,
D. Soriano-Castell, A. Llado, C. Rentero,
M. Calvo, A. Pol, C. Enrich, and F. Tebar,
“Racl and calmodulin interactions modulate
dynamics of ARF6-dependent endocytosis,”
Traffic, vol. 12, no. 12, pp. 1879-1896, 2011.

P. A. Weernink, K. Meletiadis, S. Hom-
meltenberg, M. Hinz, H. Ishihara, M. Schmidt,
and K. H. Jakobs, “Activation of type I phos-
phatidylinositol 4-phosphate 5-kinase isoforms by
the Rho GTPases, RhoA, Racl, and Cdc42,” J
Biol Chem, vol. 279, no. 9, pp. 7840-7849, 2004.

W. T. Chao, A. C. Daquinag, F. Ashcroft, and
J. Kunz, “Type I PIPK-a regulates directed cell
migration by modulating Racl plasma membrane
targeting and activation,” Journal of Cell Biol-
ogy, vol. 190, no. 2, pp. 247-262, 2010.

M. Santarius, C. H. Lee, and R. A. Ander-
son, “Supervised membrane swimming: small
G-protein lifeguards regulate PIPK signalling
and monitor intracellular PtdIns(4,5)P2 pools,”
Biochem J, vol. 398, no. 1, pp. 1-13, 2006.

D. H. Jones, J. B. Morris, C. P. Morgan,
H. Kondo, R. F. Irvine, and S. Cockcroft, “Type
I phosphatidylinositol 4-phosphate 5-kinase di-
rectly interacts with ADP-ribosylation factor 1
and is responsible for phosphatidylinositol 4,5-
bisphosphate synthesis in the Golgi compart-
ment,” Journal of Biological Chemistry, vol. 275,
no. 18, pp. 13962-13 966, 2000.

M. Krauss, M. Kinuta, M. R. Wenk, P. De
Camilli, K. Takei, and V. Haucke, “ARF6
stimulates clathrin/AP-2 recruitment to synap-
tic membranes by activating phosphatidylinositol
phosphate kinase type Igamma,” J Cell Biol, vol.
162, no. 1, pp. 113124, 2003.

A. Honda, M. Nogami, T. Yokozeki, M. Ya-
mazaki, H. Nakamura, H. Watanabe,
K. Kawamoto, K. Nakayama, A. J. Morris,
M. A. Frohman, and Y. Kanaho, “Phos-
phatidylinositol 4-phosphate 5-kinase alpha is

[346]

[347]

[348]

[349]

[350]

[351]

[352]

[353]

[354]

[355]

198

a downstream effector of the small G protein
ARF6 in membrane ruffle formation,” Cell,
vol. 99, no. 5, pp. 521-532, 1999.

D. J. Owen, B. M. Collins, and P. R. Evans,
“Adaptors for clathrin coats: structure and func-
tion,” Annu Rev Cell Dev Biol, vol. 20, pp. 153~
191, 2004.

S. F. Bairstow, K. Ling, X. Su, A. J. Fire-
stone, C. Carbonara, and R. A. Anderson, “Type
Igamma661 phosphatidylinositol phosphate ki-
nase directly interacts with AP2 and regulates
endocytosis,” J Biol Chem, vol. 281, no. 29, pp.
2063220642, 2006.

A. Nakano-Kobayashi, M. Yamazaki, T. Unoki,
T. Hongu, C. Murata, R. Taguchi, T. Katada,
M. A. Frohman, T. Yokozeki, and Y. Kanaho,
“Role of activation of PIP5Kgamma661 by AP-2
complex in synaptic vesicle endocytosis,” Embo
j, vol. 26, no. 4, pp. 1105-1116, 2007.

D. Padron, Y. J. Wang, M. Yamamoto, H. Yin,
and M. G. Roth, “Phosphatidylinositol phos-
phate 5-kinase Ibeta recruits AP-2 to the plasma
membrane and regulates rates of constitutive en-
docytosis,” J Cell Biol, vol. 162, no. 4, pp. 693—
701, 2003.

P. Varnai and T. Balla, “Live cell imaging of
phosphoinositide dynamics with fluorescent pro-
tein domains,” Biochimica et Biophysica Acta
(BBA) - Molecular and Cell Biology of Lipids,
vol. 1761, no. 8, pp. 957-967, 2006.

J. E. Harlan, P. J. Hajduk, H. S. Yoon, and S. W.
Fesik, “Pleckstrin homology domains bind to
phosphatidylinositol-4,5-bisphosphate,” Nature,
vol. 371, no. 6493, pp. 168-170, 1994.

P. J. Cullen, G. E. Cozier, G. Banting, and
H. Mellor, “Modular phosphoinositide-binding
domains—their role in signalling and membrane
trafficking,” Curr Biol, vol. 11, no. 21, pp. R882—
93, 2001.

F. D. Brown, A. L. Rozelle, H. L. Yin, T. Balla,
and J. G. Donaldson, “Phosphatidylinositol 4,5-
bisphosphate and Arf6-regulated membrane traf-
fic,” J Cell Biol, vol. 154, no. 5, pp. 1007-1017,
2001.

Z. Szentpetery, A. Balla, Y. J. Kim, M. A.
Lemmon, and T. Balla, “Live cell imaging with
protein domains capable of recognizing phos-
phatidylinositol 4,5-bisphosphate; a comparative
study,” BMC Cell Biol, vol. 10, p. 67, 2009.

S. Santagata, T. J. Boggon, C. L. Baird, C. A.
Gomez, J. Zhao, W. S. Shan, D. G. Myszka, and
L. Shapiro, “G-protein signaling through tubby
proteins,” Science, vol. 292, no. 5524, pp. 2041—
2050, 2001.



REFERENCES

[356)

[357]

[358]

359]

[360]

361]

[362]

[363)

[364)

[365]

[366)

K. Carroll, C. Gomez, and L. Shapiro, “Tubby
proteins: the plot thickens,” Nat Rev Mol Cell
Biol, vol. 5, no. 1, pp. 55-63, 2004.

K. V. Quinn, P. Behe, and A. Tinker, “Moni-
toring changes in membrane phosphatidylinositol
4,5-bisphosphate in living cells using a domain
from the transcription factor tubby,” J Physiol,
vol. 586, no. Pt 12, pp. 2855-2871, 2008.

B. Liu, J. E. Linley, X. Du, X. Zhang, L. Ooi,
H. Zhang, and N. Gamper, “The acute nocicep-
tive signals induced by bradykinin in rat sensory
neurons are mediated by inhibition of M-type
K+ channels and activation of Ca2+-activated
Cl- channels,” J Clin Invest, vol. 120, no. 4, pp.
1240-1252, 2010.

P. G. Suh, J. I. Park, L. Manzoli, L. Cocco,
J. C. Peak, M. Katan, K. Fukami, T. Kataoka,
S. Yun, and S. H. Ryu, “Multiple roles
of phosphoinositide-specific phospholipase C
isozymes,” BMB Rep, vol. 41, no. 6, pp. 415-434,
2008.

C. L. Huang, S. Feng, and D. W. Hilgemann,
“Direct activation of inward rectifier potassium
channels by PIP2 and its stabilization by Gbe-
tagamma,” Nature, vol. 391, no. 6669, pp. 803—
806, 1998.

A. Kielkowska, I. Niewczas, K. E. Anderson,
T. N. Durrant, J. Clark, L. R. Stephens, and
P. T. Hawkins, “A new approach to measuring
phosphoinositides in cells by mass spectrometry,”
Advances in Biological Regulation, vol. 54, no. 0,
pp. 131-141, 2014.

D. R. Jones, I. B.-R. Ramirez, M. Lowe, and
N. Divecha, “Measurement of phosphoinositides
in the zebrafish Danio rerio,” Nat. Protocols,
vol. 8, no. 6, pp. 1058-1072, 2013.

C. A. Schneider, W. S. Rasband, and K. W. Eli-
ceiri, “NIH Image to ImageJ: 25 years of image
analysis,” Nat Methods, vol. 9, no. 7, pp. 671-675,
2012.

G. S. Bird, S. Y. Hwang, J. T. Smyth,
M. Fukushima, R. R. Boyles, and J. W. Putney
Jr., “STIM1 is a calcium sensor specialized for
digital signaling,” Curr Biol, vol. 19, no. 20, pp.
1724-1729, 2009.

S. Parvez, A. Beck, C. Peinelt, J. Soboloff, A. Lis,
M. Monteilh-Zoller, D. L. Gill, A. Fleig, and
R. Penner, “STIM2 protein mediates distinct
store-dependent and store-independent modes of
CRAC channel activation,” Faseb j, vol. 22, no. 3,
pp- 752-761, 2008.

J. Soboloff, B. S. Rothberg, M. Madesh, and
D. L. Gill, “STIM proteins: dynamic calcium sig-

367]

[368]

[369]

[370]

[371]

[372]

[373]

[374]

[375]

[376]

[377]

199

nal transducers,” Nat Rev Mol Cell Biol, vol. 13,
no. 9, pp. 549-565, 2012.

J. W. Putney Jr., “New molecular players in ca-
pacitative Ca2+ entry,” J Cell Sci, vol. 120, no.
Pt 12, pp. 1959-1965, 2007.

M. Prakriya, “Store-operated Orai channels:
structure and function,” Curr Top Membr,
vol. 71, pp. 1-32, 2013.

A. B. Parekh, “Store-operated CRAC channels:
function in health and disease,” Nat Rev Drug
Discowv, vol. 9, no. 5, pp. 399410, 2010.

R. K. Motiani, X. Zhang, K. E. Harmon,
R. S. Keller, K. Matrougui, J. A. Bennett, and
M. Trebak, “Orai3 is an estrogen receptor alpha-
regulated Ca(2)(+) channel that promotes tu-
morigenesis,” Faseb j, vol. 27, no. 1, pp. 63-75,
2013.

O. Mignen, J. L. Thompson, and T. J. Shut-
tleworth, “STIM1 regulates Ca2+ entry via
arachidonate-regulated Ca2-+-selective (ARC)
channels without store depletion or translocation
to the plasma membrane,” J Physiol, vol. 579,
no. Pt 3, pp. 703-715, 2007.

J. A. Rosado and S. O. Sage, “A role for the
actin cytoskeleton in the initiation and mainte-
nance of store-mediated calcium entry in human
platelets,” Trends Cardiovasc Med, vol. 10, no. 8,
pp. 327-332, 2000.

F. Vanden Abeele, Y. Shuba, M. Roudbaraki,
L. Lemonnier, K. Vanoverberghe, P. Mariot,
R. Skryma, and N. Prevarskaya, “Store-operated
Ca2+ channels in prostate cancer epithelial cells:
function, regulation, and role in carcinogenesis,”

Cell Calcium, vol. 33, no. 5-6, pp. 357-373, 2003.

A. P. Albert and W. A. Large, “Store-operated
Ca2+-permeable non-selective cation channels in
smooth muscle cells,” Cell Calcium, vol. 33, no.
5-6, pp. 345-356, 2003.

D. J. Beech, “Emerging functions of 10 types of
TRP cationic channel in vascular smooth mus-
cle,” Clin Exp Pharmacol Physiol, vol. 32, no. 8,
pp- 597-603, 2005.

I. S. Ambudkar, “Ca24 signaling mi-
crodomains:platforms for the assembly and
regulation of TRPC channels,” Trends Pharma-
col Sci, vol. 27, no. 1, pp. 25—-32, 2006.

G. Vazquez, J. P. Lievremont, J. B. G. St,
and J. W. Putney Jr., “Human Trp3 forms
both inositol trisphosphate receptor-dependent
and receptor-independent store-operated cation
channels in DT40 avian B lymphocytes,” Proc
Natl Acad Sci U S A, vol. 98, no. 20, pp. 11 777—
11782, 2001.



REFERENCES

[378]

[379]

[380]

[381]

[382]

[383)

[384]

[385]

[386]

[387]

G. Vazquez, B. J. Wedel, M. Trebak, G. St John
Bird, and J. W. Putney Jr., “Expression level
of the canonical transient receptor potential 3
(TRPC3) channel determines its mechanism of
activation,” J Biol Chem, vol. 278, no. 24, pp.
21649-21 654, 2003.

J. P. Lievremont, G. S. Bird, and J. W. Put-
ney Jr., “Canonical transient receptor potential
TRPC7 can function as both a receptor- and
store-operated channel in HEK-293 cells,” Am J
Physiol Cell Physiol, vol. 287, no. 6, pp. C1709—
16, 2004.

F. Zeng, S. Z. Xu, P. K. Jackson, D. McHugh,
B. Kumar, S. J. Fountain, and D. J. Beech, “Hu-
man TRPCS5 channel activated by a multiplicity
of signals in a single cell,” J Physiol, vol. 559, no.
Pt 3, pp. 739-750, 2004.

W. 1. DeHaven, B. F. Jones, J. G. Petranka, J. T.
Smyth, T. Tomita, G. S. Bird, and J. W. Putney
Jr., “TRPC channels function independently of
STIM1 and Orail,” J Physiol, vol. 587, no. Pt
10, pp. 2275-2298, 2009.

H. T. Ma, Z. Peng, T. Hiragun, S. Iwaki, A. M.
Gilfillan, and M. A. Beaven, “Canonical transient
receptor potential 5 channel in conjunction with
Orail and STIM1 allows Sr2+ entry, optimal in-
flux of Ca2+, and degranulation in a rat mast cell
line,” J Immunol, vol. 180, no. 4, pp. 2233-2239,
2008.

H. L. Ong, S. I. Jang, and 1. S. Ambudkar,
“Distinct contributions of Orail and TRPC1
to agonist-induced [Ca(2+)](i) signals determine
specificity of Ca(2+)-dependent gene expres-
sion,” PLoS One, vol. 7, no. 10, p. e47146, 2012.

A. B. Parekh and R. Penner, “Activation of store-
operated calcium influx at resting InsP3 levels
by sensitization of the InsP3 receptor in rat ba-
sophilic leukaemia cells,” J Physiol, vol. 489 ( Pt
2, pp. 377-382, 1995.

N. A. Barrett and K. F. Austen, “Innate cells
and T helper 2 cell immunity in airway inflam-
mation,” Immunity, vol. 31, no. 3, pp. 425-437,
2009.

C. N. Parmentier, E. Fuerst, J. McDonald,
H. Bowen, T. H. Lee, J. E. Pease, G. Woszczek,
and D. J. Cousins, “Human T(H)2 cells respond
to cysteinyl leukotrienes through selective expres-
sion of cysteinyl leukotriene receptor 1,” J Allergy
Clin Immunol, vol. 129, no. 4, pp. 1136-1142,
2012.

D. C. Seldin, S. Adelman, K. F. Austen, R. L.
Stevens, A. Hein, J. P. Caulfield, and R. G.
Woodbury, “Homology of the rat basophilic
leukemia cell and the rat mucosal mast cell,” Proc

[388]

[389]

[390]

[391]

[392]

[393]

[394]

[395]

[396]

397]

[398]

200

Natl Acad Sci U S A, vol. 82, no. 11, pp. 3871—
3875, 1985.

J. Lee, S. L. Veatch, B. Baird, and D. Holowka,
“Molecular mechanisms of spontaneous and di-
rected mast cell motility,” J Leukoc Biol, vol. 92,
no. 5, pp. 1029-1041, 2012.

F. C. Mohr and C. Fewtrell, “Depolarization of
rat basophilic leukemia cells inhibits calcium up-
take and exocytosis,” J Cell Biol, vol. 104, no. 3,
pp. 783-792, 1987.

P. J. Millard, T. A. Ryan, W. W. Webb, and
C. Fewtrell, “Immunoglobulin E receptor cross-
linking induces oscillations in intracellular free
ionized calcium in individual tumor mast cells,”
J Biol Chem, vol. 264, no. 33, pp. 19 730-19 739,
1989.

S. V. Jones, O. H. Choi, and M. A. Beaven, “Car-
bachol induces secretion in a mast cell line (RBL-
2H3) transfected with the ml muscarinic recep-
tor gene,” FEBS Lett, vol. 289, no. 1, pp. 47-50,
1991.

G. V. Marcotte, P. J. Millard, and C. Fewtrell,
“Release of calcium from intracellular stores in
rat basophilic leukemia cells monitored with the
fluorescent probe chlortetracycline,” J Cell Phys-
2ol vol. 142, no. 1, pp. 78-88, 1990.

N. Calloway, M. Vig, J. P. Kinet, D. Holowka,
and B. Baird, “Molecular clustering of STIM1
with Orail/CRACMI1 at the plasma membrane
depends dynamically on depletion of Ca2+ stores
and on electrostatic interactions,” Mol Biol Cell,
vol. 20, no. 1, pp. 389-399, 2009.

J. Di Capite, A. Shirley, C. Nelson, G. Bates, and
A. B. Parekh, “Intercellular Ca2+ wave propaga-
tion involving positive feedback between CRAC
channels and cysteinyl leukotrienes,” Faseb 7,
vol. 23, no. 3, pp. 894-905, 2009.

P. Kar, D. Bakowski, J. Di Capite, C. Nelson, and
A. B. Parekh, “Different agonists recruit different
stromal interaction molecule proteins to support
cytoplasmic Ca2+ oscillations and gene expres-
sion,” Proc Natl Acad Sci U S A, vol. 109, no. 18,
pp. 6969-6974, 2012.

A. B. Parekh and J. W. Putney Jr., “Store-
operated calcium channels,” Physiol Rev, vol. 85,
no. 2, pp. 757-810, 2005.

G. Inesi, S. Hua, C. Xu, H. Ma, M. Seth,
A. M. Prasad, and C. Sumbilla, “Studies of
Ca2+ ATPase (SERCA) inhibition,” J Bioenerg
Biomembr, vol. 37, no. 6, pp. 365-368, 2005.

P. Kar, C. Nelson, and A. B. Parekh, “Selec-
tive activation of the transcription factor NFAT1



REFERENCES

[399]

[400)

[401]

[402]

[403)

[404]

[405]

[406]

[407]

by calcium microdomains near Ca24 release-
activated Ca2+ (CRAC) channels,” J Biol Chem,
vol. 286, no. 17, pp. 14795-14 803, 2011.

A. Demuro, A. Penna, O. Safrina, A. V. Yeromin,
A. Amcheslavsky, M. D. Cahalan, and I. Parker,
“Subunit stoichiometry of human Orail and
Orai3 channels in closed and open states,” Proc
Natl Acad Sci U S A, vol. 108, no. 43, pp. 17 832—
17837, 2011.

S. Philipp, A. Cavalie, M. Freichel, U. Wis-
senbach, S. Zimmer, C. Trost, A. Marquart,
M. Murakami, and V. Flockerzi, “A mammalian
capacitative calcium entry channel homologous to
Drosophila TRP and TRPL,” Embo j, vol. 15,
no. 22, pp. 6166-6171, 1996.

C. Zitt, A. Zobel, A. G. Obukhov, C. Harteneck,
F. Kalkbrenner, A. Luckhoff, and G. Schultz,
“Cloning and functional expression of a human
Ca2+-permeable cation channel activated by cal-
cium store depletion,” Neuron, vol. 16, no. 6, pp.
1189-1196, 1996.

L. Birnbaumer, E. Yildirim, and J. Abramowitz,
“A comparison of the genes coding for canonical
TRP channels and their M, V and P relatives,”
Cell Calcium, vol. 33, no. 5-6, pp. 419-432, 2003.

T. Hofmann, A. G. Obukhov, M. Schaefer,
C. Harteneck, T. Gudermann, and G. Schultz,
“Direct activation of human TRPC6 and TRPC3
channels by diacylglycerol,” Nature, vol. 397, no.
6716, pp. 259-263, 1999.

T. Okada, R. Inoue, K. Yamazaki, A. Maeda,
T. Kurosaki, T. Yamakuni, I. Tanaka, S. Shimizu,
K. Ikenaka, K. Imoto, and Y. Mori, “Molecular
and functional characterization of a novel mouse
transient receptor potential protein homologue
TRP7. Ca(2+)-permeable cation channel that is
constitutively activated and enhanced by stimula-
tion of G protein-coupled receptor,” J Biol Chem,
vol. 274, no. 39, pp. 27359-27 370, 1999.

M. Trebak, G. Vazquez, G. S. Bird, and J. W.
Putney Jr., “The TRPC3/6/7 subfamily of cation
channels,” Cell Calcium, vol. 33, no. 5-6, pp. 451—
461, 2003.

B. F. Jones, R. R. Boyles, S.-Y. Hwang, G. S.
Bird, and J. W. Putney, “Calcium influx mecha-
nisms underlying calcium oscillations in rat hep-
atocytes.” Hepatology (Baltimore, Md.), vol. 48,
no. 4, pp. 1273-1281, Oct. 2008.

O. Mignen, J. L. Thompson, and T. J.
Shuttleworth, “The molecular architecture of
the arachidonate-regulated Ca2-+-selective ARC
channel is a pentameric assembly of Orail and
Orai3 subunits.” The Journal of physiology, vol.
587, no. Pt 17, pp. 4181-4197, Sep. 2009.

[408]

[409]

[410]

[411]

[412]

[413]

[414]

[415]

[416]

201

A. Di Sabatino, L. Rovedatti, R. Kaur,
J. P. Spencer, J. T. Brown, V. D. Morisset,
P. Biancheri, N. A. Leakey, J. I. Wilde, L. Scott,
G. R. Corazza, K. Lee, N. Sengupta, C. H.
Knowles, M. J. Gunthorpe, P. G. McLean, T. T.
MacDonald, and L. Kruidenier, “Targeting gut
T cell Ca2+ release-activated Ca2+ channels in-
hibits T cell cytokine production and T-box tran-
scription factor T-bet in inflammatory bowel dis-
ease,” J Immunol, vol. 183, no. 5, pp. 34543462,
2009.

O. Brandman, J. Liou, W. S. Park, and T. Meyer,
“STIM2 is a feedback regulator that stabilizes
basal cytosolic and endoplasmic reticulum Ca2-+
levels,” Cell, vol. 131, no. 7, pp. 1327-1339, 2007.

M. Thiel, A. Lis, and R. Penner, “STIM2 drives
Ca2+ oscillations through store-operated Ca2+
entry caused by mild store depletion,” J Physiol,
vol. 591, no. Pt 6, pp. 1433-1445, 2013.

J. Soboloff, M. Spassova, T. Hewavitharana, L. P.
He, P. Luncsford, W. Xu, K. Venkatachalam,
D. van Rossum, R. L. Patterson, and D. L. Gill,
“TRPC channels: integrators of multiple cellu-
lar signals.” Handbook of experimental pharma-
cology, no. 179, pp. 575-591, 2007.

M. Montana, G. Garcia del Cano, M. Lopez
de Jesus, I. Gonzalez-Burguera, L. Echeazarra,
S. Barrondo, and J. Salles, “Cellular neurochem-
ical characterization and subcellular localization
of phospholipase C betal in rat brain,” Neuro-
science, vol. 222, pp. 239-268, 2012.

G. Sekerkova, M. Watanabe, M. Martina, and
E. Mugnaini, “Differential distribution of phos-
pholipase C beta isoforms and diaglycerol kinase-
beta in rodents cerebella corroborates the divi-
sion of unipolar brush cells into two major sub-
types,” Brain Struct Funct, vol. 219, no. 2, pp.
719-749, 2014.

E. F. LaBelle, K. Wilson, and E. Polyak, “Subcel-
lular localization of phospholipase C isoforms in
vascular smooth muscle,” Biochim Biophys Acta,
vol. 1583, no. 3, pp. 273-278, 2002.

M. J. Adjobo-Hermans, K. C. Crosby,
M. Putyrski, A. Bhageloe, L. van Weeren,
C. Schultz, J. Goedhart, and T. W. Gadella Jr.,
“PLCbeta isoforms differ in their subcellular
location and their CT-domain dependent inter-
action with Galphaq,” Cell Signal, vol. 25, no. 1,
pp. 255-263, 2013.

J. L. Thompson and T. J. Shuttleworth, “Orai
channel-dependent activation of phospholipase C-
delta: a novel mechanism for the effects of cal-
cium entry on calcium oscillations,” J Physiol,
vol. 589, no. Pt 21, pp. 5057-5069, 2011.



REFERENCES

[417]

[418]

[419]

[420]

[421)

[422]

[423]

[424]

[425)

[426]

[427)

O. Mignen, J. L. Thompson, D. I. Yule,
and T. J. Shuttleworth, “Agonist activation
of arachidonate-regulated Ca2-+-selective (ARC)
channels in murine parotid and pancreatic acinar
cells,” J Physiol, vol. 564, no. Pt 3, pp. 791-801,
2005.

P. J. Shaw and S. Feske, “Physiological and
pathophysiological functions of SOCE in the im-
mune system,” Front Biosci (Elite Ed), vol. 4,
pp. 2253-2268, 2012.

B. C. Bandyopadhyay, S. C. Pingle, and G. P.
Ahern, “Store-operated Ca(2)+ signaling in den-
dritic cells occurs independently of STIM1,” J
Leukoc Biol, vol. 89, no. 1, pp. 57-62, 2011.

M. Ikeya, K. Yamanoue, Y. Mochizuki, H. Kon-
ishi, S. Tadokoro, M. Tanaka, R. Suzuki,
and N. Hirashima, “Orai-2 is localized on se-
cretory granules and regulates antigen-evoked
Ca(2)(+) mobilization and exocytosis in mast
cells,” Biochem Biophys Res Commun, vol. 451,
no. 1, pp. 62-67, 2014.

H. Streb, R. F. Irvine, M. J. Berridge, and
I. Schulz, “Release of Ca2+ from a nonmitochon-
drial intracellular store in pancreatic acinar cells
by inositol-1,4,5-trisphosphate.” Nature, vol. 306,
no. 5938, pp. 67-69, Nov. 1983.

R. W. Tsien and R. Y. Tsien, “Calcium channels,
stores, and oscillations,” Annu Rev Cell Biol,
vol. 6, pp. 715-760, 1990.

A. C. Ventura and J. Sneyd, “Calcium oscilla-
tions and waves generated by multiple release
mechanisms in pancreatic acinar cells,” Bull
Math Biol, vol. 68, no. 8, pp. 2205—2231, 2006.

N. Gamper and M. S. Shapiro, “Target-specific
PIP(2) signalling: how might it work?” J Phys-
i0l, vol. 582, no. Pt 3, pp. 967-975, 2007.

S. Straube and A. B. Parekh, “Effects of phos-
phatidylinositol kinase inhibitors on the activa-
tion of the store-operated calcium current ICRAC
in RBL-1 cells,” Pflugers Arch, vol. 442, no. 3,
pp. 391-395, 2001.

Y. Sun, N. Thapa, A. C. Hedman, and R. A. An-
derson, “Phosphatidylinositol 4,5-bisphosphate:
targeted production and signaling,” Bioessays,
vol. 35, no. 6, pp. 513-522, 2013.

R. H. Michell, L. A. Conroy, M. Finney, P. J.
French, C. M. Bunce, K. Anderson, M. A. Bax-
ter, G. Brown, J. Gordon, E. J. Jenkinson, and
E. al., “Inositol lipids and phosphates in the pro-
liferation and differentiation of lymphocytes and
myeloid cells,” Ciba Found Symp, vol. 164, pp.
2-6, 1992.

[428)]

[429]

[430]

[431]

[432]

[433]

[434]

[435]

[436]

[437]

[438]

202

S. McLaughlin, J. Wang, A. Gambhir, and
D. Murray, “PIP(2) and proteins: interactions,
organization, and information flow,” Annu Rev
Biophys Biomol Struct, vol. 31, pp. 151-175,
2002.

H. Ishihara, Y. Shibasaki, N. Kizuki, H. Kata-
giri, Y. Yazaki, T. Asano, and Y. Oka, “Cloning
of cDNAs encoding two isoforms of 68-kDa type
I phosphatidylinositol-4-phosphate 5-kinase,” J
Biol Chem, vol. 271, no. 39, pp. 23611-23614,
1996.

K. Kwiatkowska, “One lipid, multiple functions:
how various pools of PI1(4,5)P2 are created in the
plasma membrane,” Cellular and Molecular Life
Sciences, vol. 67, no. 23, pp. 3927-3946, 2010.

T. Maehama and J. E. Dixon, “The tumor
suppressor, PTEN/MMACI, dephosphorylates
the lipid second messenger, phosphatidylinosi-
tol 3,4,5-trisphosphate,” J Biol Chem, vol. 273,
no. 22, pp. 13375-13 378, 1998.

Y. J. Kim, M. L. Guzman-Hernandez, and
T. Balla, “A highly dynamic ER-derived
phosphatidylinositol-synthesizing organelle sup-
plies phosphoinositides to cellular membranes,”
Dev Cell, vol. 21, no. 5, pp. 813-824, 2011.

M. J. Berridge and R. F. Irvine, “Inositol phos-
phates and cell signalling,” Nature, vol. 341, no.
6239, pp. 197-205, 1989.

E. Papaleo, V. Unfer, J. P. Baillargeon, and T. T.
Chiu, “Contribution of myo-inositol to reproduc-
tion,” Fur J Obstet Gynecol Reprod Biol, vol.
147, no. 2, pp. 120-123, 2009.

R. T. Williams, S. S. Manji, N. J. Parker, M. S.
Hancock, L. Van Stekelenburg, J. P. Eid, P. V.
Senior, J. S. Kazenwadel, T. Shandala, R. Saint,
P. J. Smith, and M. A. Dziadek, “Identification
and characterization of the STIM (stromal inter-
action molecule) gene family: coding for a novel
class of transmembrane proteins,” Biochem J,
vol. 357, no. Pt 3, pp. 673-685, 2001.

S. Avissar, G. Schreiber, A. Danon, and R. H.
Belmaker, “Lithium inhibits adrenergic and
cholinergic increases in GTP binding in rat cor-
tex,” Nature, vol. 331, no. 6155, pp. 440-442,
1988.

J. Ishikawa, K. Ohga, T. Yoshino, R. Takezawa,
A. Ichikawa, H. Kubota, and T. Yamada, “A
pyrazole derivative, YM-58483, potently inhibits
store-operated sustained Ca24+ influx and IL-2
production in T lymphocytes,” J Immunol, vol.
170, no. 9, pp. 4441-4449, 2003.

S. Straube and A. Parekh, “Inwardly rectifying
potassium currents in rat basophilic leukaemia



REFERENCES

[439]

[440]

[441)

[442]

[443)

[444]

[445)]

[446)

[447]

[448]

[449)

(RBL-1) cells: regulation by spermine and im-
plications for store-operated calcium influx,”
Pfliigers Archiv, vol. 444, no. 3, pp. 389-396,
2002.

E. Wischmeyer, K.-U. Lentes, and A. Karschin,
“Physiological and molecular characterization of
an IRK-type inward rectifier K4 channel in a tu-
mour mast cell line,” Pfliigers Archiv, vol. 429,
no. 6, pp. 809-819, 1995.

S. Hagiwara, S. Miyazaki, and N. P. Rosenthal,
“Potassium current and the effect of cesium on
this current during anomalous rectification of the
egg cell membrane of a starfish,” J Gen Physiol,
vol. 67, no. 6, pp. 621-638, 1976.

D. DiFrancesco, A. Ferroni, and S. Visentin,
“Barium-induced blockade of the inward rectifier
in calf Purkinje fibres,” Pfligers Archiv, vol. 402,
no. 4, pp. 446-453, 1984.

T. P. Stauffer, S. Ahn, and T. Meyer, “Receptor-
induced transient reduction in plasma membrane
PtdIns(4,5)P2 concentration monitored in living
cells,” Curr Biol, vol. 8, no. 6, pp. 343-346, 1998.

P. Varnai and T. Balla, “Visualization of phos-
phoinositides that bind pleckstrin homology do-
mains: calcium- and agonist-induced dynamic
changes and relationship to myo-[3H]inositol-
labeled phosphoinositide pools,” J Cell Biol, vol.
143, no. 2, pp. 501-510, 1998.

S. K. Fisher and B. W. Agranoff, “Receptor acti-
vation and inositol lipid hydrolysis in neural tis-
sues,” J Neurochem, vol. 48, no. 4, pp. 999-1017,
1987.

C. J. Phiel and P. S. Klein, “Molecular targets of
lithium action,” pp. 789-813, 2001.

J. H. Allison, M. E. Blisner, W. H. Holland,
P. P. Hipps, and W. R. Sherman, “Increased
brain myo-inositol 1-phosphate in lithium-treated
rats,” Biochem Biophys Res Commun, vol. 71,
no. 2, pp. 664-670, 1976.

J. H. Allison and M. A. Stewart, “Reduced brain
inositol in lithium-treated rats,” Nat New Biol,
vol. 233, no. 43, pp. 267-268, 1971.

W. R. Sherman, A. L. Leavitt, M. P. Honchar,
L. M. Hallcher, and B. E. Phillips, “Evidence
that lithium alters phosphoinositide metabolism:
chronic administration elevates primarily D-myo-
inositol-1-phosphate in cerebral cortex of the
rat,” J Neurochem, vol. 36, no. 6, pp. 1947-1951,
1981.

T. Balla, A. J. Baukal, G. Guillemette, and
K. J. Catt, “Multiple pathways of inosi-
tol polyphosphate metabolism in angiotensin-

[450]

[451]

[452]

[453]

[454]

[455]

[456]

[457]

[458]

[459]

203

stimulated adrenal glomerulosa cells,” J Biol
Chem, vol. 263, no. 9, pp. 4083-4091, 1988.

T. Balla, A. J. Baukal, G. Guillemette,
R. O. Morgan, and K. J. Catt, “Angiotensin-
stimulated production of inositol trisphosphate
isomers and rapid metabolism through inositol
4-monophosphate in adrenal glomerulosa cells,”
Proc Natl Acad Sci U S A, vol. 83, no. 24, pp.
9323-9327, 1986.

S. Jenkinson, S. R. Nahorski, and R. A. Challiss,
“Disruption by lithium of phosphatidylinositol-
4,5-bisphosphate supply and inositol-1,4,5-
trisphosphate generation in Chinese hamster
ovary cells expressing human recombinant ml
muscarinic receptors,” Mol Pharmacol, vol. 46,
no. 6, pp. 1138-1148, 1994.

J. R. Atack, A. M. Prior, D. Griffith, and C. I. Ra-
gan, “Characterization of the effects of lithium on
phosphatidylinositol (PI) cycle activity in human
muscarinic m1 receptor-transfected CHO cells,”
Br J Pharmacol, vol. 110, no. 2, pp. 809-815,
1993.

A. Imai and M. C. Gershengorn, “Indepen-
dent phosphatidylinositol synthesis in pituitary
plasma membrane and endoplasmic reticulum,”
Nature, vol. 325, no. 6106, pp. 726—728, 1987.

R. Bone, J. P. Springer, and J. R. Atack, “Struc-
ture of inositol monophosphatase, the putative
target of lithium therapy,” Proc Natl Acad Sci U
S A, vol. 89, no. 21, pp. 10031-10035, 1992.

S. J. Pollack, J. R. Atack, M. R. Knowles,
G. McAllister, C. I. Ragan, R. Baker, S. R.
Fletcher, L. L. Iversen, and H. B. Broughton,
“Mechanism of inositol monophosphatase, the
putative target of lithium therapy,” Proc Natl
Acad Sci U S A, vol. 91, no. 13, pp. 57665770,
1994.

J. R. Atack, H. B. Broughton, and S. J. Pollack,
“Structure and mechanism of inositol monophos-
phatase,” FEBS Lett, vol. 361, no. 1, pp. 1-7,
1995.

S. Hilfiker, “Neuronal calcium sensor-1: a mul-
tifunctional regulator of secretion,” Biochem Soc
Trans, vol. 31, no. Pt 4, pp. 828-832, 2003.

R. D. Burgoyne, “Neuronal calcium sensor pro-
teins: generating diversity in neuronal Ca2+ sig-
nalling,” Nat Rev Neurosci, vol. 8, no. 3, pp. 182—
193, 2007.

B. W. McFerran, M. E. Graham, and R. D. Bur-
goyne, “Neuronal Ca2+ sensor 1, the mammalian
homologue of frequenin, is expressed in chromaf-
fin and PC12 cells and regulates neurosecretion
from dense-core granules,” J Biol Chem, vol. 273,
no. 35, pp. 22768-22772, 1998.



REFERENCES

[460]

[461]

[462)

[463]

[464)

[465]

[466]

[467]

[468]

[469)

[470)

M. Mikhaylova, P. P. Reddy, T. Munsch, P. Land-
graf, S. K. Suman, K. H. Smalla, E. D. Gundelfin-
ger, Y. Sharma, and M. R. Kreutz, “Calneurons
provide a calcium threshold for trans-Golgi net-
work to plasma membrane trafficking,” Proc Natl
Acad Sci U S A, vol. 106, no. 22, pp. 9093-9098,
2009.

N. J. Dolman and A. V. Tepikin, “Calcium gra-
dients and the Golgi,” Cell Calcium, vol. 40, no.
5-6, pp. 505-512, 2006.

L. R. Stephens, T. R. Jackson, and P. T.
Hawkins,  “Agonist-stimulated synthesis of
phosphatidylinositol(3,4,5)-trisphosphate: a
new intracellular signalling system?” Biochim
Biophys Acta, vol. 1179, no. 1, pp. 27-75, 1993.

O. Furst, B. Mondou, and N. D’Avanzo, “Phos-
phoinositide regulation of inward rectifier potas-
sium (Kir) channels,” Front Physiol, vol. 4, p.
404, 2014.

H. Cho, Y. A. Kim, J. Y. Yoon, D. Lee, J. H.
Kim, S. H. Lee, and W. K. Ho, “Low mobil-
ity of phosphatidylinositol 4,5-bisphosphate un-
derlies receptor specificity of Gg-mediated ion
channel regulation in atrial myocytes,” Proc Natl
Acad Sci U S A, vol. 102, no. 42, pp. 15241-
15246, 2005.

H. Cho, D. Lee, S. H. Lee, and W. K. Ho,
“Receptor-induced depletion of phosphatidyli-
nositol 4,5-bisphosphate inhibits inwardly rectify-
ing K+ channels in a receptor-specific manner,”
Proc Natl Acad Sci U S A, vol. 102, no. 12, pp.
4643-4648, 2005.

S. W. Ng, D. Bakowski, C. Nelson, R. Mehta,
R. Almeyda, G. Bates, and A. B. Parekh, “Cys-
teinyl leukotriene type I receptor desensitization
sustains Ca2+-dependent gene expression,” Na-
ture, vol. 482, no. 7383, pp. 111-115, 2012.

T. Matsu-ura, T. Michikawa, T. Inoue,
A. Miyawaki, M. Yoshida, and K. Mikoshiba,
“Cytosolic inositol 1,4,5-trisphosphate dynamics
during intracellular calcium oscillations in living
cells,” J Cell Biol, vol. 173, no. 5, pp. 755-765,
2006.

K. Wong and L. C. Cantley, “Cloning and char-
acterization of a human phosphatidylinositol 4-
kinase,” J Biol Chem, vol. 269, no. 46, pp.
28 878-28 884, 1994.

T. Nakagawa, K. Goto, and H. Kondo, “Cloning,
expression, and localization of 230-kDa phos-
phatidylinositol 4-kinase,” J Biol Chem, vol. 271,
no. 20, pp. 12088-12094, 1996.

S. Coronas, F. Lagarrigue, D. Ramel, G. Chi-
canne, G. Delsol, B. Payrastre, and H. Tronchere,

[471]

[472]

[473]

[474]

[475]

[476]

[477]

[478]

[479]

[480]

[481]

204

“Elevated levels of PtdIns5P in NPM-ALK trans-
formed cells: implication of PIKfyve,” Biochem
Biophys Res Commun, vol. 372, no. 2, pp. 351—
355, 2008.

A. Shisheva, “PIKfyve: Partners, significance,
debates and paradoxes,” Cell Biol Int, vol. 32,
no. 6, pp. 591-604, 2008.

J. C. Loijens and R. A. Anderson, “Type
I phosphatidylinositol-4-phosphate 5-kinases are
distinct members of this novel lipid kinase fam-
ily,” J Biol Chem, vol. 271, no. 51, pp. 32937—
32943, 1996.

J. Kunz, M. P. Wilson, M. Kisseleva, J. H. Hurley,
P. W. Majerus, and R. A. Anderson, “The acti-
vation loop of phosphatidylinositol phosphate ki-
nases determines signaling specificity,” Mol Cell,
vol. 5, no. 1, pp. 1-11, 2000.

M. L. Giudici, K. Lee, R. Lim, and R. F. Irvine,
“The intracellular localisation and mobility of
Type Igamma phosphatidylinositol 4P 5-kinase
splice variants,” FEBS Lett, vol. 580, no. 30, pp.
6933-6937, 2006.

J. Tan and J. A. Brill, “Cinderella story: PI4P
goes from precursor to key signaling molecule,”
Crit Rev Biochem Mol Biol, vol. 49, no. 1, pp.
33-58, 2014.

K. Devereaux and G. Di Paolo, “PI5P migrates
out of the PIP shadow,” EMBO Rep, vol. 14,
no. 3, pp. 214-215, 2013.

A. Balla and T. Balla, “Phosphatidylinositol 4-
kinases: old enzymes with emerging functions,”
Trends Cell Biol, vol. 16, no. 7, pp. 351-361,
2006.

D. Sbrissa, O. C. Ikonomov, C. Filios, K. Delvec-
chio, and A. Shisheva, “Functional dissociation
between PIKfyve-synthesized PtdIns5P and Pt-
dIns(3,5)P2 by means of the PIKfyve inhibitor
YM201636,” Am J Physiol Cell Physiol, vol. 303,
no. 4, pp. C436-46, 2012.

——, “Functional dissociation between PIKfyve-
synthesized PtdIns5P and PtdIns(3,5)P2 by
means of the PIKfyve inhibitor YM201636,” Am
J Physiol Cell Physiol, vol. 303, no. 4, pp. C436—
46, 2012.

G. J. Downing, S. Kim, S. Nakanishi, K. J.
Catt, and T. Balla, “Characterization of a solu-
ble adrenal phosphatidylinositol 4-kinase reveals
wortmannin sensitivity of type III phosphatidyli-
nositol kinases,” Biochemistry, vol. 35, no. 11,
pp. 3587-3594, 1996.

Y. C. Yeh, M. J. Tang, and A. B. Parekh,
“Caveolin-1 alters the pattern of cytoplasmic



REFERENCES

[482]

[483]

[484]

[485]

[486]

[487]

[488]

[489]

[490]

[491]

Ca2+ oscillations and Ca2+-dependent gene ex-
pression by enhancing leukotriene receptor desen-
sitization,” J Biol Chem, vol. 289, no. 25, pp.
17843-17853, 2014.

D. Sarkes and L. E. Rameh, “A novel HPLC-
based approach makes possible the spatial char-
acterization of cellular PtdIns5P and other phos-
phoinositides,” Biochem J, vol. 428, no. 3, pp.
375-384, 2010.

S. Nakanishi, K. J. Catt, and T. Balla,
“A wortmannin-sensitive phosphatidylinositol 4-
kinase that regulates hormone-sensitive pools of
inositolphospholipids,” Proc Natl Acad Sci U S
A, vol. 92, no. 12, pp. 5317-5321, 1995.

J. Maleth, S. Choi, S. Muallem, and M. Ahuja,
“Translocation between PI(4,5)P2-poor and
PI(4,5)P2-rich microdomains during store deple-
tion determines STIM1 conformation and Orail
gating,” Nat Commun, vol. 5, p. 5843, 2014.

Y. J. Wang, W. H. Li, J. Wang, K. Xu,
P. Dong, X. Luo, and H. L. Yin, “Critical role
of PIP5KI{gamma}87 in InsP3-mediated Ca(2+)
signaling,” J Cell Biol, vol. 167, no. 6, pp. 1005—
1010, 2004.

L. Rodriguez, E. Simeonato, P. Scimemi,
F. Anselmi, B. Cali, G. Crispino, C. D. Ciub-
otaru, M. Bortolozzi, F. G. Ramirez, P. Ma-
jumder, E. Arslan, P. De Camilli, T. Pozzan,
and F. Mammano, “Reduced phosphatidylinos-
itol 4,5-bisphosphate synthesis impairs inner ear
Ca2+ signaling and high-frequency hearing ac-
quisition,” Proc Natl Acad Sci U S A, vol. 109,
no. 35, pp. 14013-14 018, 2012.

T. Yeung, B. Ozdamar, P. Paroutis, and S. Grin-
stein, “Lipid metabolism and dynamics during
phagocytosis,” Curr Opin Cell Biol, vol. 18,
no. 4, pp. 429-437, 2006.

H. R. Hope and L. J. Pike, “Phosphoinosi-
tides and phosphoinositide-utilizing enzymes in
detergent-insoluble lipid domains,” Mol Biol
Cell, vol. 7, no. 6, pp. 843-851, 1996.

L. J. Pike and J. M. Miller, “Cholesterol de-
pletion delocalizes phosphatidylinositol bispho-
sphate and inhibits hormone-stimulated phos-
phatidylinositol turnover,” J Biol Chem, vol. 273,
no. 35, pp. 22298-22 304, 1998.

M. G. Waugh, D. Lawson, S. K. Tan, and
J. J. Hsuan, “Phosphatidylinositol 4-phosphate
synthesis in immunoisolated caveolae-like vesi-
cles and low buoyant density non-caveolar mem-
branes,” J Biol Chem, vol. 273, no. 27, pp.
17115-17121, 1998.

Y. Liu, L. Casey, and L. J. Pike, “Com-
partmentalization of phosphatidylinositol 4,5-

[492]

[493]

[494]

[495]

[496]

[497]

[498]

[499]

[500]

205

bisphosphate in low-density membrane domains
in the absence of caveolin,” Biochem Biophys Res
Commun, vol. 245, no. 3, pp. 684-690, 1998.

K. Kwiatkowska, J. Frey, and A. Sobota, “Phos-
phorylation of FcgammaRIIA is required for the
receptor-induced actin rearrangement and cap-
ping: the role of membrane rafts,” J Cell Sci,
vol. 116, no. Pt 3, pp. 537-550, 2003.

K. Saito, K. F. Tolias, A. Saci, H. B. Koon,
L. A. Humphries, A. Scharenberg, D. J. Rawlings,
J. P. Kinet, and C. L. Carpenter, “BTK regulates
PtdIns-4,5-P2 synthesis: importance for calcium
signaling and PI3K activity,” Immunity, vol. 19,
no. 5, pp. 669-678, 2003.

L. J. Foster, C. L. De Hoog, and M. Mann, “Unbi-
ased quantitative proteomics of lipid rafts reveals
high specificity for signaling factors,” Proc Natl
Acad Sci U S A, vol. 100, no. 10, pp. 5813-5818,
2003.

J. van Rheenen, E. M. Achame, H. Janssen,
J. Calafat, and K. Jalink, “PIP2 signaling in
lipid domains: a critical re-evaluation,” Embo j,
vol. 24, no. 9, pp. 1664-1673, 2005.

J. Kwik, S. Boyle, D. Fooksman, L. Margolis,
M. P. Sheetz, and M. Edidin, “Membrane choles-
terol, lateral mobility, and the phosphatidylinos-
itol 4,5-bisphosphate-dependent organization of
cell actin,” Proc Natl Acad Sci U S A, vol. 100,
no. 24, pp. 13964-13 969, 2003.

S. Cui, W. K. Ho, S. T. Kim, and H. Cho,
“Agonist-induced localization of Gg-coupled re-
ceptors and G protein-gated inwardly rectify-
ing K+ (GIRK) channels to caveolae determines
receptor specificity of phosphatidylinositol 4,5-
bisphosphate signaling,” J Biol Chem, vol. 285,
no. 53, pp. 41732-41739, 2010.

A. L. Rozelle, L. M. Machesky, M. Yamamoto,
M. H. Driessens, R. H. Insall, M. G. Roth,
K. Luby-Phelps, G. Marriott, A. Hall, and H. L.
Yin, “Phosphatidylinositol 4,5-bisphosphate in-
duces actin-based movement of raft-enriched vesi-
cles through WASP-Arp2/3,” Curr Biol, vol. 10,
no. 6, pp. 311-320, 2000.

Y. Kanaho, A. Kobayashi-Nakano, and
T. Yokozeki, “The phosphoinositide kinase
PIP5K that produces the versatile signaling
phospholipid PI4,5P(2),” Biol Pharm Bull,
vol. 30, no. 9, pp. 1605-1609, 2007.

P. B. van Hennik, J. P. ten Klooster, J. R. Hal-
stead, C. Voermans, E. C. Anthony, N. Divecha,
and P. L. Hordijk, “The C-terminal domain of
Racl contains two motifs that control targeting
and signaling specificity,” J Biol Chem, vol. 278,
no. 40, pp. 39166-39 175, 2003.



REFERENCES

[501]

[502]

[503]

[504)

[505]

[506)

[507]

[508]

[509)

[510]

[511]

X. D. Ren, G. M. Bokoch, A. Traynor-Kaplan,
G. H. Jenkins, R. A. Anderson, and M. A.
Schwartz, “Physical association of the small GT-
Pase Rho with a 68-kDa phosphatidylinositol 4-
phosphate 5-kinase in Swiss 3T3 cells,” Mol Biol
Cell, vol. 7, no. 3, pp. 435-442, 1996.

S. Y. Lee, S. Voronov, K. Letinic, A. C. Nairn,
G. Di Paolo, and P. De Camilli, “Regulation of
the interaction between PIPKI gamma and talin
by proline-directed protein kinases,” J Cell Biol,
vol. 168, no. 5, pp. 789-799, 2005.

K. Ling, R. L. Doughman, V. V. Iyer, A. J.
Firestone, S. F. Bairstow, D. F. Mosher, M. D.
Schaller, and R. A. Anderson, “Tyrosine phos-
phorylation of type Igamma phosphatidylinositol
phosphate kinase by Src regulates an integrin-
talin switch,” J Cell Biol, vol. 163, no. 6, pp.
1339-1349, 2003.

B. Serrels and M. C. Frame, “FAK and talin:
who is taking whom to the integrin engagement
party?” J Cell Biol, vol. 196, no. 2, pp. 185-187,
2012.

M. Moser, K. R. Legate, R. Zent, and R. Fassler,
“The tail of integrins, talin, and kindlins,” Sci-
ence, vol. 324, no. 5929, pp. 895-899, 2009.

E. Goksoy, Y. Q. Ma, X. Wang, X. Kong, D. Per-
era, E. F. Plow, and J. Qin, “Structural Basis
for the Autoinhibition of Talin in Regulating In-
tegrin Activation,” Mol Cell, vol. 31, no. 1, pp.
124-133, 2008.

N. Dixit, M. H. Kim, J. Rossaint, I. Yamayoshi,
A. Zarbock, and S. I. Simon, “Leukocyte function
antigen-1, kindlin-3, and calcium flux orchestrate
neutrophil recruitment during inflammation,” J
Immunol, vol. 189, no. 12, pp. 5954-5964, 2012.

Y. T. Chen, Y. F. Chen, W. T. Chiu, Y. K. Wang,
H. C. Chang, and M. R. Shen, “The ER Ca(2)(+)
sensor STIM1 regulates actomyosin contractility
of migratory cells,” J Cell Sci, vol. 126, no. Pt 5,
pp- 1260-1267, 2013.

T. A. Siddiqui, S. Lively, C. Vincent, and L. C.
Schlichter, “Regulation of podosome formation,
microglial migration and invasion by Ca(2+)-
signaling molecules expressed in podosomes,” J
Neuroinflammation, vol. 9, p. 250, 2012.

S. Franco, B. Perrin, and A. Huttenlocher, “Iso-
form specific function of calpain 2 in regulating
membrane protrusion,” FEzperimental Cell Re-
search, vol. 299, no. 1, pp. 179-187, 2004.

L. Svensson, A. McDowall, K. M. Giles, P. Stan-
ley, S. Feske, and N. Hogg, “Calpain 2 controls
turnover of LFA-1 adhesions on migrating T lym-
phocytes,” PLoS One, vol. 5, no. 11, p. e15090,
2010.

[512]

[513]

[514]

[515]

[516]

[517]

[518]

[519]

[520]

[521]

206

C. Schafer, G. Rymarczyk, L. Ding, M. T. Kirber,
and V. M. Bolotina, “Role of molecular deter-
minants of store-operated Ca(2+) entry (Orail,
phospholipase A2 group 6, and STIM1) in focal
adhesion formation and cell migration,” J Biol
Chem, vol. 287, no. 48, pp. 40 745-40 757, 2012.

M. Vandenberghe, M. Raphael, V. Lehen’kyi,
D. Gordienko, R. Hastie, T. Oddos, A. Rao, P. G.
Hogan, R. Skryma, and N. Prevarskaya, “ORAIl
calcium channel orchestrates skin homeostasis,”
Proc Natl Acad Sci U S A, vol. 110, no. 50, pp.
E4839-48, 2013.

Y.-F. Chen, W.-T. Chiu, Y.-T. Chen, P.-Y. Lin,
H.-J. Huang, C.-Y. Chou, H.-C. Chang, M.-J.
Tang, and M.-R. Shen, “Calcium store sensor
stromal-interaction molecule 1-dependent signal-
ing plays an important role in cervical cancer
growth, migration, and angiogenesis,” Proceed-
ings of the National Academy of Sciences, vol.
108, no. 37, pp. 15225-15230, 2011.

M. A. Senetar, C. L. Moncman, and R. O. Mc-
Cann, “Talin2 is induced during striated mus-
cle differentiation and is targeted to stable ad-
hesion complexes in mature muscle,” Cell Motil
Cytoskeleton, vol. 64, no. 3, pp. 157-173, 2007.

M. A. Senetar and R. O. McCann, “Gene duplica-
tion and functional divergence during evolution of
the cytoskeletal linker protein talin,” Gene, vol.
362, pp. 141-152, 2005.

G. Jiang, G. Giannone, D. R. Critchley, E. Fuku-
moto, and M. P. Sheetz, “Two-piconewton slip
bond between fibronectin and the cytoskeleton
depends on talin,” Nature, vol. 424, no. 6946, pp.
334-337, 2003.

M. A. Senetar, S. J. Foster, and R. O. Mec-
Cann, “Intrasteric inhibition mediates the inter-
action of the I/LWEQ module proteins Talinl,
Talin2, Hipl, and Hipl2 with actin,” Biochem-
istry, vol. 43, no. 49, pp. 15418-15428, 2004.

S. J. Monkley, X. H. Zhou, S. J. Kinston, S. M.
Giblett, L. Hemmings, H. Priddle, J. E. Brown,
C. A. Pritchard, D. R. Critchley, and R. Fassler,
“Disruption of the talin gene arrests mouse de-
velopment at the gastrulation stage,” Dev Dyn,
vol. 219, no. 4, pp. 560-574, 2000.

X. Li, Q. Zhou, M. Sunkara, M. L. Kutys, Z. Wu,
P. Rychahou, A. J. Morris, H. Zhu, B. M. Evers,
and C. Huang, “Ubiquitylation of phosphatidyli-
nositol 4-phosphate 5-kinase type I gamma by
HECTD1 regulates focal adhesion dynamics and
cell migration,” J Cell Sci, vol. 126, no. Pt 12,
pp. 2617-2628, 2013.

K. L. Wegener, A. W. Partridge, J. Han, A. R.
Pickford, R. C. Liddington, M. H. Ginsberg, and



REFERENCES

[522]

[523)

[524]

[525)

[526)

[527]

[528]

[529]

[530)

[531]

I. D. Campbell, “Structural basis of integrin acti-
vation by talin,” Cell, vol. 128, no. 1, pp. 171-182,
2007.

X. Song, J. Yang, J. Hirbawi, S. Ye, H. D. Perera,
E. Goksoy, P. Dwivedi, E. F. Plow, R. Zhang,
and J. Qin, “A novel membrane-dependent on/off
switch mechanism of talin FERM domain at sites
of cell adhesion,” Cell Res, vol. 22, no. 11, pp.
1533-1545, 2012.

A. C. Kalli, I. D. Campbell, and M. S. Sansom,
“Conformational changes in talin on binding to
anionic phospholipid membranes facilitate signal-
ing by integrin transmembrane helices,” PLoS
Comput Biol, vol. 9, no. 10, p. e1003316, 2013.

V. Martel, C. Racaud-Sultan, S. Dupe, C. Marie,
F. Paulhe, A. Galmiche, M. R. Block, and
C. Albiges-Rizo, “Conformation, localization,
and integrin binding of talin depend on its in-
teraction with phosphoinositides,” J Biol Chem,
vol. 276, no. 24, pp. 21 217-21 227, 2001.

B. Yan, D. A. Calderwood, B. Yaspan, and M. H.
Ginsberg, “Calpain cleavage promotes talin bind-
ing to the beta 3 integrin cytoplasmic domain,”
J Biol Chem, vol. 276, no. 30, pp. 28 164-28 170,
2001.

G. H. Nuckolls, C. E. Turner, and K. Burridge,
“Functional studies of the domains of talin,” J
Cell Biol, vol. 110, no. 5, pp. 1635-1644, 1990.

N. Yoshimura, T. Kikuchi, T. Sasaki, A. Kita-
hara, M. Hatanaka, and T. Murachi, “Two dis-
tinct Ca2+ proteases (calpain I and calpain II)
purified concurrently by the same method from
rat kidney,” J Biol Chem, vol. 258, no. 14, pp.
8883-8889, 1983.

W. R. Dayton, “Comparison of low- and high-
calcium-requiring forms of the calcium-activated
protease with their autocatalytic breakdown
products,” Biochim Biophys Acta, vol. 709, no. 2,
pp. 166-172, 1982.

C. Huang, Z. Rajfur, N. Yousefi, Z. Chen, K. Ja-
cobson, and M. H. Ginsberg, “Talin phosphory-
lation by Cdkb regulates Smurfl-mediated talin
head ubiquitylation and cell migration,” Nat Cell
Biol, vol. 11, no. 5, pp. 624-630, 2009.

M. Pfaff, X. Du, and M. H. Ginsberg, “Calpain
cleavage of integrin beta cytoplasmic domains,”
FEBS Lett, vol. 460, no. 1, pp. 17-22, 1999.

I. L. Barsukov, A. Prescot, N. Bate, B. Patel,
D. N. Floyd, N. Bhanji, C. R. Bagshaw, K. Le-
tinic, G. Di Paolo, P. De Camilli, G. C. Roberts,
and D. R. Critchley, “Phosphatidylinositol phos-
phate kinase type 1gamma and betal-integrin cy-
toplasmic domain bind to the same region in the

[532]

[533]

[534]

[535]

[536]

[537]

[538]

[539]

207

talin FERM domain,” J Biol Chem, vol. 278,
no. 33, pp. 31202-31209, 2003.

G. Giannone, P. Ronde, M. Gaire, J. Beaudouin,
J. Haiech, J. Ellenberg, and K. Takeda, “Calcium
rises locally trigger focal adhesion disassembly
and enhance residency of focal adhesion kinase at
focal adhesions,” J Biol Chem, vol. 279, no. 27,
pp. 28 715-28 723, 2004.

G. Giannone, P. Ronde, M. Gaire, J. Haiech, and
K. Takeda, “Calcium oscillations trigger focal ad-
hesion disassembly in human U87 astrocytoma
cells,” J Biol Chem, vol. 277, no. 29, pp. 26 364—
26 371, 2002.

T. O’Halloran, M. C. Beckerle, and K. Burridge,
“Identification of talin as a major cytoplasmic
protein implicated in platelet activation,” Nature,
vol. 317, no. 6036, pp. 449-451, 1985.

K. Fuyjitani, J. I. Kambayashi, M. Sakon, S. I.
Ohmi, S. I. Kawashima, M. Yukawa, Y. Yano,
H. Miyoshi, M. Ikeda, N. Shinoki, and M. Mon-
den, “Identification of p-, m-Calpains and Cal-
pastatin and capture of u- calpain activation in
endothelial cells,” Journal of Cellular Biochem-
istry, vol. 66, no. 2, pp. 197-209, 1997.

N. Dourdin, A. K. Bhatt, P. Dutt, P. A. Greer,
J. S. C. Arthur, J. S. Elce, and A. Huttenlocher,
“Reduced Cell Migration and Disruption of the
Actin Cytoskeleton in Calpain-deficient Embry-
onic Fibroblasts,” Journal of Biological Chem-
istry, vol. 276, no. 51, pp. 48 382-48 388, 2001.

P. C. Kerstein, B. T. Jacques-Fricke, J. Rengifo,
B. J. Mogen, J. C. Williams, P. A. Gottlieb,
F. Sachs, and T. M. Gomez, “Mechanosensitive
TRPC1 channels promote calpain proteolysis of
talin to regulate spinal axon outgrowth,” J Neu-
rosci, vol. 33, no. 1, pp. 273-285, 2013.

L. Dreolini and F. Takei, “Activation of LFA-1
by ionomycin is independent of calpain-mediated
talin cleavage,” Biochem Biophys Res Commun,
vol. 356, no. 1, pp. 207-212, 2007.

N. G. Papadopoulos, I. Agache, S. Bavbek,
B. M. Bilo, F. Braido, V. Cardona, A. Cus-

tovic, J. Demonchy, P. Demoly, P. Eigen-
mann, J. Gayraud, C. Grattan, E. Heffler,
P. W. Hellings, M. Jutel, E. Knol, J. Lot-

vall, A. Muraro, L. K. Poulsen, G. Roberts,
P. Schmid-Grendelmeier, C. Skevaki, M. Trig-
giani, R. Vanree, T. Werfel, B. Flood, S. Palko-
nen, R. Savli, P. Allegri, I. Annesi-Maesano,
F. Annunziato, D. Antolin-Amerigo, C. Apfel-
bacher, M. Blanca, E. Bogacka, P. Bonadonna,
M. Bonini, O. Boyman, K. Brockow, P. Bur-
ney, J. Buters, I. Butiene, M. Calderon, L. O.
Cardell, J.-C. Caubet, S. Celenk, E. Cichocka-
Jarosz, C. Cingi, M. Couto, N. Dejong, S. Del



REFERENCES

[540)

[541)

[542]

[543]

[544]

[545]

Giacco, N. Douladiris, F. Fassio, J.-L. Fau-
quert, J. Fernandez, M. F. Rivas, M. Ferrer,
C. Flohr, J. Gardner, J. Genuneit, P. Gevaert,
A. Groblewska, E. Hamelmann, H. J. Hoff-
mann, K. Hoffmann-Sommergruber, L. Hovhan-
nisyan, V. Hox, F. L. Jahnsen, O. Kalayci, A. F.
Kalpaklioglu, J. Kleine-Tebbe, G. Konstantinou,
M. Kurowski, S. Lau, R. Lauener, A. Lauerma,
K. Logan, A. Magnan, J. Makowska, H. Makrin-
ioti, P. Mangina, F. Manole, A. Mari, A. Mazon,
C. Mills, E. Mingomataj, B. Niggemann, G. Nils-
son, M. Ollert, L. O’Mahony, S. O’Neil, G. Pala,
A. Papi, G. Passalacqua, M. Perkin, O. Pfaar,
C. Pitsios, S. Quirce, U. Raap, M. Raulf-
Heimsoth, C. Rhyner, P. Robson-Ansley, R. R.
Alves, Z. Roje, C. Rondon, O. Rudzeviciene,
F. Rueff, M. Rukhadze, G. Rumi, C. Sackesen,
A. F. Santos, A. Santucci, C. Scharf, C. Schmidt-
Weber, B. Schnyder, J. Schwarze, G. Senna,
S. Sergejeva, S. Seys, A. Siracusa, I. Sky-
pala, M. Sokolowska, F. Spertini, R. Spiewak,
A. Sprikkelman, G. Sturm, I. Swoboda, I. Ter-
reehorst, E. Toskala, C. Traidl-Hoffmann, C. Ven-
ter, B. Vlieg-Boerstra, P. Whitacker, M. Worm,
P. Xepapadaki, and C. A. Akdis, “Research needs
in allergy: an EAACI position paper, in collabo-
ration with EFA.” Clinical and translational al-
lergy, vol. 2, no. 1, p. 21, 2012.

E. Madrid, G. W. Mennie, and P. L. New-
ton, “Asthma: challenges in vulnerable popula-
tions.” JAAPA : official journal of the American
Academy of Physician Assistants, vol. 19, no. 2,
pp. 41-48, Feb. 2006.

A. Stipic-Markovic, B. Pevec, M. R. Pevec,
and A. Custovic, “[Prevalence of symptoms
of asthma, allergic rhinitis, conjunctivitis and
atopic eczema: ISAAC (International Study of
Asthma and Allergies in Childhood) in a popu-
lation of schoolchildren in Zagreb].” Acta medica
Croatica : casopis Hravatske akademije medicin-
skih znanosti, vol. 57, no. 4, pp. 281-285, 2003.

B. J. Lipworth and P. S. White, “Allergic in-
flammation in the unified airway: start with the
nose.” Thoraz, vol. 55, no. 10, pp. 878-881, Oct.
2000.

C. J. Falliers, “Familial coincidence of asthma,
aspirin intolerance and nasal polyposis,” Ann Al-
lergy, vol. 32, no. 2, pp. 65-69, 1974.

T. E. Havas, J. A. Motbey, and P. J. Gullane,
“Prevalence of incidental abnormalities on com-
puted tomographic scans of the paranasal si-
nuses,” Arch Otolaryngol Head Neck Surg, vol.
114, no. 8, pp. 856-859, 1988.

Z. Ali, C. G. Dirks, and C. S. Ulrik, “Long-
term mortality among adults with asthma: a 25-
year follow-up of 1,075 outpatients with asthma.”
Chest, vol. 143, no. 6, pp. 1649-1655, Jun. 2013.

[546]

[547]

[548]

[549]

[550]

[551]

[552]

[553]

[554]

[555]

208

J. Bousquet, C. Bachert, G. W. Canonica, J. Mul-
lol, P. Van Cauwenberge, C. B. Jensen, W. J.
Fokkens, J. Ring, P. Keith, G. Gopalan, R. Lor-
ber, and T. Zuberbier, “Efficacy of deslorata-
dine in persistent allergic rhinitis - a GA(2)LEN
study.” International archives of allergy and im-
munology, vol. 153, no. 4, pp. 395-402, 2010.

Y. Sun, D. A. Turbin, K. Ling, N. Thapa, S. Le-
ung, D. G. Huntsman, and R. A. Anderson,
“Type 1 gamma phosphatidylinositol phosphate
kinase modulates invasion and proliferation and
its expression correlates with poor prognosis in
breast cancer.” Breast cancer research : BCR,
vol. 12, no. 1, p. R6, 2010.

W. Leber, A. Skippen, Q. L. Fivelman, P. W.
Bowyer, S. Cockcroft, and D. A. Baker, “A
unique phosphatidylinositol 4-phosphate 5-kinase
is activated by ADP-ribosylation factor in Plas-
modium falciparum.” International journal for
parasitology, vol. 39, no. 6, pp. 645653, May
2009.

P. Tompa, R. Téth-Boconadi, and P. Friedrich,
“Frequency decoding of fast calcium oscillations
by calpain,” Cell Calcium, vol. 29, no. 3, pp. 161—
170, Mar. 2001.

Y. J. Wang, W. H. Li, J. Wang, K. Xu,
P. Dong, X. Luo, and H. L. Yin, “Critical role
of PIP5KI{gamma}87 in InsP3-mediated Ca(2+)
signaling,” J Cell Biol, vol. 167, no. 6, pp. 1005—
1010, 2004.

G. Hammond, C. L. Thomas, and G. Schiavo,
“Nuclear phosphoinositides and their functions.”
Current topics in microbiology and immunology,
vol. 282, pp. 177-206, 2004.

N. Divecha, H. Banfic, and R. F. Irvine, “The
polyphosphoinositide cycle exists in the nuclei of
Swiss 3T3 cells under the control of a receptor
(for IGF-I) in the plasma membrane, and stimu-
lation of the cycle increases nuclear diacylglycerol
and apparently induces translocation of protein
kinase C to the nucleus.” The EMBO journal,
vol. 10, no. 11, pp. 3207-3214, Nov. 1991.

P. Kar and A. B. Parekh, “Distinct spatial Ca2+
signatures selectively activate different NFAT
transcription factor isoforms.” Molecular cell,
vol. 58, no. 2, pp. 232243, Apr. 2015.

V. Allen-Baume, B. Ségui, and S. Cockcroft,
“Current thoughts on the phosphatidylinositol
transfer protein family,” FEBS Letters, vol. 531,
no. 1, pp. 74-80, 2002.

S. Cockcroft and K. Garner, “Potential role
for phosphatidylinositol transfer protein (PITP)
family in lipid transfer during phospholipase C
signalling,” Advances in Biological Regulation,
vol. 53, no. 3, pp. 280-291, Sep. 2013.



REFERENCES

[656] C.-L. Chang, T.-S. Hsieh, T. T. Yang, K. G.
Rothberg, D. B. Azizoglu, E. Volk, J.-C. Liao,
and J. Liou, “Feedback Regulation of Receptor-
Induced Ca2+ Signaling Mediated by E-Sytl and
Nir2 at Endoplasmic Reticulum-Plasma Mem-
brane Junctions,” Cell Reports, vol. 5, no. 3, pp.
813-825, 2013.

[657) N. Divecha, M. Roefs, J. R. Halstead,
S. D’Andrea, M. Fernandez-Borga, L. Oomen,
K. M. Saqgib, M. J. Wakelam, and C. D’Santos,
“Interaction of the type lalpha PIPkinase with
phospholipase D: a role for the local generation
of phosphatidylinositol 4, 5-bisphosphate in
the regulation of PLD2 activity.” The EMBO
journal, vol. 19, no. 20, pp. 5440-5449, Oct.
2000.

[558] A. Skippen, D. H. Jones, C. P. Morgan, M. Li,
and S. Cockcroft, “Mechanism of ADP ribosy-
lation factor-stimulated phosphatidylinositol 4,5-
bisphosphate synthesis in HL60 cells.” The Jour-
nal of biological chemistry, vol. 277, no. 8, pp.
5823-5831, Feb. 2002.

[659] A. R. Siddiqi, G. E. Srajer, and C. C. Leslie,
“Regulation of human PLD1 and PLD2 by cal-
cium and protein kinase C,” Biochimica et Bio-
physica Acta (BBA) - Molecular Cell Research,
vol. 1497, no. 1, pp. 103-114, Jun. 2000.

[560] H. Qin, P. Kent, C. M. Isales, P. M. Parker, M. V.
Wilson, and W. B. Bollag, “The role of calcium
influx pathways in phospholipase D activation in
bovine adrenal glomerulosa cells.” The Journal
of endocrinology, vol. 202, no. 1, pp. 77-86, Jul.
2009.

209



