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Abstract

Inappropriate stimulation of mast cells can trigger allergies including asthma, allergic
rhinitis and eczema which, combined, affect almost 30% of the population in western
societies. Mast cell activation begins with aggregation of IgE receptors in response to
antigen. This then triggers a series of reactions resulting in the tyrosine
phosphorylation of Syk kinase, PKC activation and ultimately both degranulation and
secretion of leukotrienes and cytokines. CRAC channels are expressed on mast cells,
and are essential for IgE-mediated mast cell activation.

Previous work in our laboratory has shown that local Ca** influx through CRAC
channels activates Ca?*-dependent phopholipase A,, ERK and 5-lipoxygenase,
resulting in LTC, secretion from mast cells. Therefore, | have investigated how Ca**
microdomains through CRAC channels are detected and how they trigger cellular
responses. | find that phosphorylation of Syk following antigen stimulation is
enhanced by Ca** influx through CRAC channels. | also show synergy between
CRAC channels and antigen in activating Syk. These findings reveal a novel positive
feedback step in mast cell activation, where local Ca** entry through CRAC channels
activates Syk which, in turn, supports CRAC channels.

Earlier work from our group has demonstrated that in RBL cells, Ca** influx through
CRAC channels induces expression of the gene c-fos, an important regulator of pro-
inflammatory gene expression. | have discovered that local Ca®* entry is sensed by
the non-receptor tyrosine kinase Syk, which accumulates at the cell periphery. Syk
then signals to the nucleus through recruitment of the transcription factor STATS.
The results therefore identify Syk as a new link in excitation-transcription coupling,
converting local Ca** influx into expression of genes that are essential for immune
cell activation.

Activation of G protein-coupled cysteinyl leukotriene type | receptors by the pro-
inflammatory molecule LTC, is tightly linked to immune cell function and the
receptor is an established therapeutic target for allergies including asthma.
Desensitization of cysteinyl leukotriene type | receptors arises following protein
kinase C-dependent phosphorylation of three serine residues in the receptor C-
terminus. Here | show that abolishing leukotriene receptor desensitization suppresses
agonist-driven gene expression. Physiological concentrations of LTCs4 led to
repetitive cytoplasmic Ca®* oscillations, which were accompanied by the opening of
store-operated CRAC channels in the plasma membrane. Ca** microdomains near the
open channels were relayed to the nucleus to increase expression of the transcription
factor c-fos. In the absence of receptor desensitization, agonist-driven gene expression
was suppressed. Mechanistically, stimulation of non-desensitizing receptors evoked
prolonged Ca®* release, which led to accelerated Ca**-dependent inactivation of
CRAC channels and a subsequent loss of excitation-transcription coupling. Rather
than serving to turn off a biological response, the experiments show that reversible
receptor desensitization is an ‘on’switch’, sustaining long-term signalling in the
immune system.
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Chapter 1 Introduction



1.1 Mast Cell

Mast cells are immune cells that were first discovered by Paul Ehrlich in 1878 in
human connective tissue on the basis of the metachromatic staining properties of their
proteoglycan and protease-rich cytoplasmic granules (1). Besides the metachromatic
granules, other cytoplasmic organelles of mature mast cells include numerous
mitochondria, rough endoplasmic reticulum and free ribosomes. Mast cells arise from
pluripotential haematopoietic cells in the bone marrow (2-4), circulate in the blood as
precursors and subsequently migrate to tissues, where they gain their mature
morphology under microenvironmental factors (5). Mast cells are widely distributed
in tissues throughout the body, particularly in association with structures such as
blood and nerves and in close contact with the external environment such as skin,
airways, and the gastrointestinal tract (6). Under physiological conditions, mast cells
are involved in the regulation of a wide range of activities including epithelial
functions (secretion and epithelial permeability), smooth muscle activities (peristalsis
and bronchoconstriction), endothelial functions (blood flow, coagulation and vascular
permeability), immune responses (recruitment and activation of neutrophils,
eosinophils and lymphocytes), neuronal aspects (heuro-immune interactions,
peristalsis and pain) and other tissue functions (wound healing and fibrosis) (7-15).
Mast cells have been implicated in the pathogenesis of several inflammatory
conditions such as allergic diseases (asthma, allergic rhinitis and eczema),
autoimmune disorders (multiple sclerosis, rheumatoid arthritis), immunodeficiency,
inflammatory bowel disease and psoriasis (16). Recent studies have shown that mast
cells play a key role in both innate and adaptive immune responses against pathogens

(17).



Mast cell activation is a biphasic process (6). The initial, rapid response occurs within
seconds to minutes of stimulation and includes degranulation and release of
preformed inflammatory mediators such as histamine and adenosine triphosphate
(ATP), and de novo synthesis and secretion of pro-inflammatory lipid mediators
(leukotrienes, prostaglandin and platelet activating factor) (12). In the late phase
reaction which occurs several hours later, mast cells synthesize and release further
pro-inflammatory mediators, including chemokines and cytokines such as tumour

necrosis factor-alpha (TNF-a), interleukin-2 (IL-2) and 1L-4 (16,18).

Mast cell activation is mediated by either FceRI-dependent or FceRI-independent
receptor cross-linking. FceRI receptors are multimeric cell surface receptors that bind
the Fc fragment of IgE with high affinity (19). The receptor exists as a tetramer
(apy2), composed of one unique a-chain noncovalently attached to one B- and one
pair of disulfide-bonded y-chains in rodents. In humans, the receptor can be expressed
as two different isoforms, tetramer (afy2) or a trimer (ay2). The a chain belongs to the
immunoglobulin superfamily and is required for the binding of IgE molecule whereas
the B and y-chains are involved in signal transduction through this receptor. The B and
y-chains each have an immunoreceptor tyrosine-based activation motif (ITAM),
which is tyrosine phosphorylated by the receptor associated tyrosine Kinase, Lyn,
after antigen cross-linking of receptor-bound IgE molecules. The phosphorylation
results in the association of the B- and y-chains with intracellular signalling molecules
through their SRC homology 2 (SH2) domains. Lyn is recruited to the phosphorylated
B-chains whereas the phosphorylated ITAM regions of the y chain serve as docking

sites for spleen tyrosine kinase (Syk).

Activation of Syk is crucial for FceRl mediated mast cell activation as shown in

Figure 1-1. Syk is responsible for phosphorylating key tyrosine residues on an
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adaptor molecule called Linker for Activation of T cells (LAT), which is essential to
mast cell function. Tyrosine phosphorylated LAT interacts with other downstream
signalling molecules that are responsible for Ca** influx which results in
degranulation (20). LAT is required for tyrosine phosphorylation of phospholipase C
(PLC)-yl and 2. Phosphorylated PLC-y hydrolyses the minor membrane
phospholipids phosphatidylinositol 4,5-biphosphate (PI(4,5)P,) to generate the
second messengers, diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (InsPs).
DAG activates protein kinase C (PKC) and InsPs initiates Ca®* release via
intracellular receptors (InsP3R) on endoplasmic reticulum (ER), generating complex
cytoplasmic Ca®* concentration signals. In the absence of LAT, signalling
downstream of the FceRI is impaired, with the principal defects localized to
phosphorylation of lymphocyte cytosolic protein 2 (SLP-76), PLC-y1, PLC-y2 and

cytoplasmic Ca’* signals (21).

In addition to this Lyn-Syk-LAT pathway, there is another complementary signalling
pathway initiated by Src-family kinase Fyn, which phosphorylates the adaptor protein
Gab2 (Grb2-associated binder-2). Gab2 is essential for FceRI-mediated activation of
P1-3 kinase (phosphatidylinositol 3-kinase), which generates phosphatidylinositol-
3,4,5-triphosphate, PtdIns(3,4,5)P3; (PIP3) (22). In the absence of Gab2, mast cell
degranulation and cytokine production are impaired (22). Lyn-deficiency enhanced
Fyn-dependent signals and degranulation, but inhibited the Ca** response (23). Fyn-
deficiency impaired degranulation, whereas Lyn-mediated signalling and Ca®* was
normal (24). Thus, FceRI-dependent mast cell degranulation involves cross-talk
between Fyn and Lyn kinases and contributes to the induction of cytokines. These
two distinct complexes regulate Ca?* (primarily through LAT) and PKC (primarily

through Gab2).



IgE-mediated mast cell activation evokes a biphasic increase in intracellular Ca".
The rapid initial transient rise is caused by InsPs-dependent Ca?* release from the
intracellular Ca** stores and is followed by a more sustained rise that is due to Ca?*
entry into the cell. Ca?* influx is required for the mast cell degranulation (25). In mast
cells, the main mechanism for the entry of extracellular Ca®* across the plasma
membrane is store-operated Ca®* entry, mediated by the Ca®* release-activated Ca?*
(CRAC) channels (26). These channels were first discovered in mast cells almost 20
years ago (26). Store-operated channels (SOC) are plasma-membrane Ca**-permeable
channels that open following depletion of Ca** within the endoplasmic reticulum,

which occurs following InsPs-dependent Ca?* release. To date, the best characterised

SOC channel in non excitable cells is the CRAC channel (27).

Cytoplasm

-

Figure 1-1. Signalling pathways after FceR1 aggregation by antigen. PI3K,

phosphatidylinositol 3-kinase; BTK, Bruton’s tyrosine kinase.



1.2 CRAC Channel

CRAC channels are expressed in abundance on T lymphocytes, mast cells, and other
immune cells but are also found on endothelial cells, glia and hepatocytes (28). Store-
operated channels are activated by emptying the intracellular Ca** store as shown in
Fig.1-2A (28). Therefore, physiological triggers (for example, receptors that increase
InsP; levels) and pharmacological tools (for example, InsPs; analogues, Ca®*
ionophores, and inhibitors of the SERCA pump such as thapsigargin) activate CRAC
channels (Table 1-1). CRAC channels are composed of the pore forming Orail
subunit and STIM1 (29). The Orai family consists of three closely conserved Ca”'-
selective ion channels (Orail-3), each of which contains four transmembrane-
spanning domains with intracellular N and C termini as shown in Figure 1-2B. STIM
is a single-pass ER transmembrane protein, which comprises two EF-hands (ER Ca®*
binding domains) and a sterile alpha motif (SAM) domain on the ER luminal side and
a coiled-coil region and a polybasic tail on the cytoplasmic side as shown in Figure 1-
2C (29). The ion-conducting pore of the Orai channel is located on the
transmembrane negatively charged glutamate residues (E106 in TM1 and E190 in
TMB3), which function as putative Ca** binding sites (Fig. 1-2B). By using an RNAI
screen in HelLa cells, STIM1 and STIM2 were identified (30). Orail has been
identified using a combination of two genome-wide approaches: a modified linkage
analysis with single-nucleotide polymorphism arrays, and a Drosophila RNA
interference screen designed to identify regulators of store-operated Ca®* entry and
NFAT nuclear import (31). Mutagenesis has revealed that STIM1 is the Ca** sensor
that detects store Ca”* content and translates this into the opening of Orail. An earlier
study found that the absence of functional CRAC channels in patients with hereditary

severe combined immune deficiency (SCID) led to defective store-operated Ca’*
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entry (32). Thus, CRAC channels provide the major pathway for T cell receptor
(TCR)-activated Ca?* entry in human T cells. The SCID patients are homozygous for
a single missense mutation R91W in Orail (Fig. 1-2B), and expression of wild-type

Orail in SCID T cells restores store-operated Ca?* influx.

Functional CRAC channels are likely to be a tetramer that consists of four Orail
subunits. Under resting conditions, Orail and STIM1 are widely distributed
throughout the plasma membrane and ER, respectively (Fig. 1-3). Following store
depletion Ca®* dissociation from the EF hand triggers oligomerization of STIM1
through the SAM domain. This leads to translocation of STIM1 proteins towards the
plasma membrane, forming punctae in the vicinity of the plasma membrane (10-25
nm below the plasma membrane) (33). A small highly conserved 107 amino acid
CRAC activation domain (CAD) of STIM1 that binds directly to the N and C termini
of Orail to open the CRAC channel has been identified (34). Hence close location of
CAD domain on STIM1 to Orail enables CAD to bind to the N and C termini of
Orail, leading to channel opening. Co-expression of STIM1 with Orail greatly
enhances CRAC currents, two to three orders of magnitude larger than the
endogenous CRAC (35). This suggests STIM1 and Orail are sufficient to reconstitute
lcrac. STIM1 and calmodulin interact with Orail to induce Ca®*-dependent
inactivation of CRAC channels (36). A recent study has shown that translocation of
STIM1 to ER-PM junctions and subsequent CRAC channel activity is regulated by
the dynamin-related mitochondrial protein mitofusin 2 following mitochondrial

depolarisation (37).



Table 1-1. Biophysical properties of CRAC channels

Current Conductance Selectivity Permeability Activation Cell Type
Ratio
lcrac 0.02pS; 110 Ca™  Ba*>Ca"">Sr** Ca”": Na™; Receptor Mast cell
10,000:1 agonist
InsP; RBL-1/2H3

Thapsigargin Jurkat T cells
EGTA/BAPTA  Hepatocytes

lonomycin Dendritic cells
TPEN Megakaryocytes
MDCK cells

lcrac, Ca®* release activated Ca?* current; InsPs, inositol 1, 4, 5-triphosphate.

A Extracellular

Receptor

5 ¢
C K rich

S/P rich

Extracellular Y Coiled-coil BT
= = ‘ [FIETM Cytoplasm

5 | ER lumen

Nm [ Coiled-coil -C EF hand (Ca%

N

Figure 1-2. Mechanism for CRAC channel activation and structure of CRAC
channel subunit, Orail and STIM1. a) Depletion of ER Ca*" stores, leading to
activation of CRAC channels in the plasma membrane. b) predicted topology of
Orail and c¢) STIM1. ERM, ezrin/radixin/moesin; S/P, serine/ proline; K, lysine; E;

glutamate; R, Arginine; SAM, sterile alpha motif.
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Extracellular Ca®*

Figure 1-3. Coupling between STIM1 and Orail within ER-PM junctions.
1.2.1 CRAC Channels are selective for Ca?*

CRAC channels are highly selective for divalent cations over monovalent ones (Table
1-1). In the presence of external Ca**, monovalent cations like Na* are almost totally
excluded (PCa: PNa is > 10 000, Fig. 1-4). Therefore only a few of these highly Ca**-
selective channels need to be activated for Ca®* entry since almost all incoming ions
are Ca**. For instance, cytoplasmic Ca** oscillations, which trigger gene expression,
are sustained by only small fraction of activated CRAC channels. CRAC channels
also distinguish between divalent cations. At negative potentials (negative to -40

mV), Ba®* permeates better than Ca?* whereas Sr** is very similar to Ca?".



Extracellular

150mM Na*

2mM Ca?*
L+
CRAC © o

‘ Cytoplasm

Figure 1-4. CRAC channel has a very high selectivity for Ca®* over Na*.
1.2.2 Pharmacology of CRAC channels

Despite the significance of CRAC channels in cellular physiology, lack of potent and
highly specific pharmacological tools has limited the ability to define the function of
the CRAC channel and target it from a clinical perspective. Potent inhibitors of
CRAC channels are trivalent lanthanide ions like La** and Gd**, which work at low
concentrations (1 pM) but they obviously are not of any clinical potential (38). Two
small molecule blockers, 2-aminoethoxydiphenyl borate (2-APB) and SKF96365, are
commonly used to block CRAC channels. Our previous study has shown that pre-
treatment with 2-APB (30 uM) blocks the development of Icrac (39). Another study
has demonstrated that 2-APB has differential effects on the three isoforms of Orai
(40). Orail is completely inhibited by 50 uM 2-APB and Orai2 appears to be
significantly less sensitive (50% reduction in Icrac). Conversely, Orai3 is greatly
potentiated by 50 uM 2-APB in a store independent manner. When co-expressed with
STIM1 and activated via store depletion, Orail and Orai2 are facilitated at low 2-
APB concentrations (41). Thus, 2-APB has both agonistic and antagonistic effects on
CRAC channels. The inhibition of Orail channels by high concentrations of 2-APB
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appears to involve a direct block at the channel level as well as an additional
uncoupling of STIM1 and Orail, since the compound reversed the store-dependent
multimerization of STIM1. It has also been shown that single-point mutations of the
Orail pore (E106D and E190A) enable 2-APB to gate Orail in a STIM1-independent
manner (41), suggesting that 2-APB facilitates CRAC channels by altering the pore
architecture. Additionally, another study has shown that 2-APB inhibited STIM1
puncta formation less well in cells co-expressing Orail, indicating that the inhibitory
effects of 2-APB are not solely dependent upon STIML1 reversal (42). SKF-96365 has
been shown to block CRAC current reversibly in RBL cells (43). However, these two
non selective compounds also interfere with many other ion channels such as Trp
channels, limiting their use as CRAC channel-selective probes (28,44,45). One recent
development has been the finding of the Synta compound, which will be discussed

later in this study.
1.2.3 Single CRAC channel conductance

The single channel conductance of CRAC channels is extremely low (1 pS) (46).
Because the conductance is too low to be measured directly, previous studies have
relied on noise analysis to estimate the unitary current amplitude. Noise analysis
revealed the unitary chord conductance to be 9 femtosiemens (fS) in 2 mM external
Ca’" (47). CRAC channel conductance is more than 1000-fold smaller than most Ca**
permeable channels such as L-type voltage-operated Ca?* channels (VOCC).
Calculations reveal that immune cells express many CRAC channels, estimated to be

>8,000 in T cells and mast cells.
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1.2.4 Ca®* microdomains near CRAC channels

The Ca?* influx through an open Ca”* channel in either the plasma membrane or an
intracellular organelle evokes a rapid rise in local Ca?* concentration near the open
channel, called a Ca®** microdomain (48). The Ca®" concentration within a
microdomain can reach tens of microMolar, several-fold higher than the bulk
cytoplasmic Ca?* rise, depending on the type of Ca®* channel (49). Ca?*
microdomains from activated VOCC drive neurotransmitter release and stimulate
excitation-transcription coupling (50). The amplitude of the CRAC channel
microdomain in mast cells is estimated to be >3 uM around 10 nm from the open
channel pore (49). As CRAC channels cluster into puncta in the plasma membrane
after store depletion (51), local Ca** levels at a cluster will be considerably higher
than that achieved by isolated channels. These local Ca?* signals can selectively
activate various targets like adenylyl cyclase (52), Ca** ATPase pumps (53), and
Ca’*-dependent phospholipase A, (cPLA;) (54), leading to LTC, production.

Therefore local Ca®* entry is essential for mast cell function.

1.2.5 Mitochondria: a link in the endoplasmic reticulum-CRAC channel axis

Mitochondria are able to take up calcium from the cytosol, a process driven by the
large negative potential across the inner mitochondrial membrane (~180 mV) that is
set up by proton extrusion along the electron transport chain (55). Ca** uptake into
mitochondria occurs through the ruthenium red-sensitive mitochondrial Ca**
uniporter (MCU), which is located in the organelle's inner membrane (Fig. 1-5) (56).
Subsequent electrophysiological studies showed the MCU to be an inward rectifying
Ca’* selective channel (55) and a protein essential for Ca®* uptake has recently been

discovered (57). Once inside the mitochondrial matrix, Ca®" activates three rate-
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limiting enzymes of the Krebs cycle (pyruvate dehydrogenase, NAD*-isocitrate
dehydrogenase, and 2-oxoglutarate dehydrogenase) and thus stimulates ATP
production (58). In mast cells, a recent study has shown that cytosolic Ca?* modulates
MCU, in a biphasic manner with Ca?* both facilitating and then inhibiting
mitochondrial Ca®* uptake (59). Ca®* flux through the uniporter is impaired by
calmodulin antagonists, suggesting uptake is a Ca®*/Calmodulin (CaM)-sensitive
process (60,61). However, some uniporter activity (approximately 30—-40%) was not
inhibited in the presence of high concentrations of calmodulin antagonists, suggesting
calmodulin-independent uptake too (60). The uniporter has low affinity for Ca?*, with
an apparent Ky of approximately 16 puM (60,62). This is around an order of
magnitude larger than the peak bulk cytoplasmic Ca®* rise that occurs upon cell
stimulation. Even so, several studies have shown Ca** taken up is rapidly transported
into the matrix following agonist-stimulated Ca®* release, when genetically targeted
fluorescent proteins or fluorescent dyes are expressed or targeted within the matrix
(63). It has been found that Ca* released through InsP; receptors on the ER is rapidly
propagated into the matrix (62). InsPsR-evoked Ca®* release generates local Ca**
microdomains, which can reach concentrations of tens of uM. This spatially restricted
Ca’* signal is sensed by uniporters on the adjacent mitochondria, resulting in rapid
mitochondrial Ca?* uptake (64). In some cell types, mitochondrial Ca®* uptake
declined despite a sustained elevation of cytosolic Ca®* (65), suggesting the uniporter
might desensitize / inactivate. Previous work found that cytosolic Ca®* inactivates the
uniporter, with a Kp of approximately 15 uM (60,66). At the same cytoplasmic Ca?*
concentration, inactivation occurred approximately two times more slowly (time
constant of 16 s) than activation (time constant of 7.9 s). Thus, cytoplasmic Ca?*

oscillations (duration of 1-5 s with a frequency of approximately 0.05-1 Hz) can
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evoke repetitive mitochondrial Ca®* transients whereas sustained cytoplasmic Ca?*

signals do not (67,68).
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Figure 1-5. Simplified model of regulation of Ca** by MCU.

The ability of mitochondria to buffer Ca®* that enters the cytosol through Ca?*
channels on either the plasma membrane or internal stores indicates that mitochondria
influence both activation and inactivation of CRAC channels. Immune cells, like
most other cell types, have a low cytoplasmic Ca?* binding ratio (ratio of Ca®* bound
to buffer / free Ca?* concentration), in the range of 50-150 (69). In T cells, the Ca**
binding ratio has been reported to be 125 (70), and recent work in mast cells from our
laboratory has shown to it be approximately 150 (data not shown). Under
physiological conditions, mitochondrial Ca®* uptake therefore plays a fundamental
role in cytoplasmic Ca?* buffering. Mitochondrial Ca** uptake removes Ca?* from the
vicinity of the ER following Ca*" release in mast cells (60,63). Therefore, it slows
down store refilling by sarco- endoplasmic reticulum Ca?* ATPase (SERCA) pumps.
As a result, substantial store emptying occurs and thus leads to robust activation of

CRAC channels (71,72). The subsequent rise in bulk cytoplasmic Ca** due to Ca?*
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influx through open CRAC channels feeds back to inactivate the channels slowly,
over minutes (73,74). Mitochondria are able to buffer the incoming Ca** and thus
reduce the rate and extent of Ca”*-dependent slow inactivation (71,72,75,76). In T
cells, translocation of mitochondria to the plasma membrane was directed by Ca?*
entry through CRAC channels and this further sustained Ca®* entry by buffering
incoming Ca®* (77). Thus mitochondria facilitate channel opening by promoting more
extensive store depletion and then sustain opening by reducing Ca?®*-dependent

inactivation.

Ca®* uptake by mitochondria stimulates aerobic metabolism and ATP production.
Pyruvic acid is produced from glycolysis, an important step in aerobic cell
respiration. Previous work from our group has demonstrated that dialysis with
pyruvic acid significantly reduced the extent of Ca**-dependent rapid inactivation of
CRAC channels, which develops within milliseconds, over a range of membrane
potentials (78). Rapid inactivation is triggered by the build-up of a Ca?* microdomain
beneath each open CRAC channel. The mechanism whereby pyruvate reduced rapid
inactivation did not involve mitochondrial Ca?* uptake or ATP production and might
therefore reflect a direct action on the CRAC channel. Dialysis with different
concentrations of pyruvic acid revealed that effects were prominent at concentrations
of approximately 1 mM, within the physiological range (78). As glycolytic enzymes
exist in a macromolecular complex and are generally attached to the plasma
membrane by proteins like anion exchanger 1 (79), local pyruvic acid concentration
just below the plasma membrane is likely to be considerably higher than a bulk
concentration of 0.5-1 mM. Therefore pyruvic acid regulation of CRAC channel
activity is likely to be of considerable physiological relevance. Despite the fact that a

type of K" channel is regulated by changes in the cytoplasmic ATP / adenosine
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diphosphate (ADP) ratio level (Kartp channels) (80,81), intermediary metabolites have
no effects on its channel activity. Hence, CRAC channels are the first ion channel
found to be regulated by an intermediary metabolite. CRAC channels might act as a

potential plasma membrane nexus, linking energy status of a cell to Ca** influx.

1.3 CRAC channels in mast cells

CRAC channels play a critical role in IgE-mediated mast cell activation, where they
provide the pathway for antigen-evoked Ca®* entry (82,83). Either Orail- or STIM1-
deficient mice evoke weak Ca®" signals in response to agonist (84,85). Importantly,
these knockout mice exhibit impaired leukotriene production, histamine release,
reduced TNF-a secretion, and fail to mount a subcutaneous anaphylactic response.
Therefore, Ca?* entry through CRAC channels is crucial for mast cell function.
Previous work from our laboratory has shown that in mast cells, Ca?* influx through
CRAC channels activates Ca**-dependent phopholipase A,, ERK and 5-lipoxygenase,
resulting in LTC, secretion (54,86) , as well as gene expression of c-fos (25). The
proto-oncogene, c-fos belongs to the immediate early gene family of transcription
factors and it regulates production of cytokines such as TNFa and IL-4 in response to

IgE mediated mast cell activation (87).

In mast cells, IgE-mediated activation of FceRI receptors or stimulation of classical G
protein-coupled receptors (adenosine, cysteinyl leukotriene type 1) releases Ca** from
internal stores and thus trigger Ca®* entry through CRAC channels (28). Hence,
targeting the CRAC channel pharmacologically should be a successful therapy for
combating inappropriate mast cell activation in response to a variety of diverse

stimuli.
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1.3.1 Local Ca*" influx in mast cells: cracking the Ca®* paradox

Ca?* signalling has been implicated in a diverse array of functions including
neurotransmitter release, muscle contraction, energy production, cell growth, and
proliferation, as well as cell death (88). It has now been established that information
is encoded in the amplitude, Kinetics, and spatial profile of the intracellular Ca®*
signal, thereby generating a specific Ca’*-dependent response (89). The amplitude of
a Ca’* microdomain can attain levels of several tens of pM, orders of magnitude
larger than the bulk Ca?* rise (48,49). The spatial extent of Ca?* microdomains is in
the range of 10-25 nm. An effector located within this range could therefore respond
directly to this spatially restricted Ca®* signal, and thus selectively stimulate
downstream targets. Ca®* microdomains near open CRAC channels activate responses
that underlie both the immediate and late phase responses in mast cells. Local Ca?*
influx activates the MEK/ERK pathway, leading to LTC,4 secretion (25). Ca**
microdomains are also relayed to the nucleus, where they activate genes associated

with the late response (90).
1.3.2 Ca®* microdomains and the MEK/ ERK pathway in mast cells

Ca’*-dependent cytosolic phospholipase A; (cPLA,) hydrolyses phospholipids to
form arachidonic acid, a susbstrate for production of leukotrienes. In mast cells,
cPLA; is activated by Ca®* influx through CRAC channels but not by Ca®" release
from internal stores (86). Several pieces of evidence support the view that cPLA,
activation is driven by Ca** microdomains near open CRAC channels and not by a
bulk Ca®* rise (25,54,86). First, it has been shown that varying external Ca®*
concentration alters ERK activation without changing the bulk Ca®*. Second,
reducing the electrical gradient for Ca®* influx by blocking inwardly rectifying K*

channels has little effect on bulk Ca®* concentration but substantially reduces ERK
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activation. Third, the slow Ca*" chelator, EGTA, has no inhibitory effect on ERK
activation whereas the fast Ca** chelator BAPTA abolishes the response when loaded
into the cytoplasm. Both chelators have similar affinities for Ca** and reduce bulk

Ca?* to similar extents.
1.3.3 How is local Ca** detected?

Local Ca** entry through CRAC channels activates the non receptor tyrosine kinase
Syk, which activates ERK via recruitment of PKCa and BI (25). ERK activates cPLA;
by phosphorylation of cPLA; on Ser-505 (25,91,92). In the presence of Syk
inhibition, CRAC channel-driven cPLA, activation was rescued by stimulation of
protein kinase C with phorbol ester (54). Hence, Syk is upstream of PKC and is

thought to detect local Ca** directly or via an intermediate.
1.3.4 Ca** microdomains and LTC, secretion in mast cells

Arachidonic acid is metabolized by 5-lipoxygenase (5-LO) to the unstable
intermediate LTA4, which can be converted to LTBs by LTA; hydrolase or
conjugated with glutathione to LTC4 by LTC,4 synthase, depending on the enzymes
present within the cell (Fig. 1-6) (93). 5-LO is located mainly in the cytosol at rest.
Upon stimulation of the cell, it translocates via its amino-terminal C2-like domain to
the nuclear membrane where it binds to the protein 5-LO activating protein (FLAP),
resulting in enzyme activation (94-96). Our laboratory has previously shown that Ca**
entry through CRAC channels increased association of the 5-LO with the nuclear
membrane, whereas Ca** release from the stores was ineffective. Moreover, ERK,
which stimulates cPLA,, was also essential for 5-LO translocation and subsequent
activation (25). Hence, ERK acts as a cytoplasmic regulator; by coordinating the

activities of both cPLA; and 5-LO, ERK ensures that arachidonic acid is rapidly
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metabolized to LTC,. This form of metabolic coupling ensures that the levels of the
pleiotropic messenger arachidonic acid are tightly regulated. ERK is therefore a key

transducer of local Ca®* influx and plays an important role in mast cell activation.

Cysteinyl leukotriene receptors (CysLT1R and CysLT2R) are present on mast cells
(97-99). These receptors are 7 transmembrane-spanning receptors which couple to
PLCP via Ga, leading to InsP; production (100). They are widely expressed, being
found in several types of immune cells, epithelial, endothelial and smooth muscle
cells. Following activation of 5-LO, the cysteinyl leukotriene, LTC, is synthesized de
novo from cell membrane phospholipids and then secreted from mast cells. LTC, is
transported out of the cell by a multi-drug resistance like peptide (101). It can then be
converted to LTD4 and LTE4. These lipid derived pro-inflammatory mediators were
first identified as potent bronchoconstrictors (102) and are now known to be involved

in coordinating immune responses, particularly during inflammation (103).
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Figure 1-6. The formation of LTA, from arachidonic acid via the 5-lipoxygenase
pathway and the conversion of LTAs to LTC, and LTB,4 Arachidonic acid is
released from phospholipids in the nuclear and endoplasmic reticulum membranes by
Ca?""dependent phospholipase A, (CPLA,). It is then metabolized to generate LTA,.
Next, LTAs is converted by the LTC, synthase to LTC,, the parent cysteinyl

leukotriene.

1.3.5 Synergy between CRAC channels and protein kinase C generates short-term

potentiation in mast cells

Local Ca** entry through CRAC channels activates the MEK/ ERK pathway via
protein kinase C and results in activation of cPLA; followed by LTC, production
(25). Stimulation of protein kinase C directly with phorbol ester activates the MEK/
ERK pathway, but this is not sufficient for cPLA; activation and LTC, secretion (25).
This is because cytoplasmic Ca®* is not affected by phorbol ester stimulation (25).
Thus, activation of ERK in the absence of a Ca®" rise is not sufficient to stimulate
cPLA,. Rather, both protein kinase C and a cytoplasmic Ca** rise are required for
stimulating the cPLA,/5-LO pathway. To address whether Ca?* and protein kinase C
interact synergistically, a previous study from our laboratory has shown that in low
external Ca’* (0.25-0.5 mM), Ca?* influx evoked only modest cPLA; activation (25).
When stimulation of protein kinase C was induced by phorbol ester, these same Ca?*
signals were much more effective (25). Protein kinase C thus renders small increases
in cytoplasmic Ca®* much more effective in generating arachidonic acid and LTC,
production. These findings can be fitted into a model for cPLA, activation that has
been developed by Das et al (104). The insertion of the amino-terminal C2 domain of
cPLA; into the nuclear membrane is facilitated by a rise of intracellular Ca** (105).

Simultaneously, phosphorylation of Ser-505 is essential for aliphatic amino acids at
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the active site edge to penetrate the membrane, thus forming the catalytic active site.
Both the membrane insertion and phosphorylation of Ser-505 were facilitated by Ca**
signals. A small rise in Ca** promotes insertion of a few cPLA; molecules into the
membrane as well as modest ERK activation. Protein kinase C activation greatly
stimulates ERK, and subsequently the small number of cPLA; molecules embedded
in the membrane by Ca** becomes catalytically more active. Extensive Ca** entry
would stimulate both membrane insertion of cPLA; and ERK, leading to enormous

activation of cPLA..
1.3.6 Graded versus all-or none responses in mast cells

In mast cells, patch clamp experiments have revealed that CRAC channels activate in
an essentially all-or-none manner following receptor stimulation or dialysis with
InsP3 (106). All-or-none activation of CRAC channels could reflect either a non-
linear step between InsP3; and the store depletion or a mechanism whereby emptying
of the store is non-linearly linked to CRAC channel opening. It has been shown that
dialysis with the non-metabolizable InsP; analogue Ins(2,4,5)-P3 resulted in more
graded Icrac, With a significantly less steep relationship than that seen with InsP;
(106). Hence InsP3; metabolism accounts for the highly non-linear response. InsP3 can
be metabolized by the 3-kinase to produce Ins(1,3,4,5)-P, or by 5-phosphatase to
yield Ins(1,4)-P,. Dialysis with different concentrations of InsPs-F, an analogue that is
broken down by the 5-phosphatase but not metabolized by InsPs-kinase, revealed the
same all-or-none pattern was still present (107). Consistent with a major role for 5-
phosphatase, inhibition of the 5-phosphatase with 2,3-diphosphoglycerate (2,3-DPG)
resulted in a more graded relationship between InsP; concentration and Icrac
amplitude (108). Recent work on T cells has shown that a non-linear relationship

between store Ca®* content and CRAC channel activation, with a Hill coefficient of 4
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(109). This is thought to reflect the high affinity of STIM1 for Ca?*, and cooperativity
in multimer formation. Only when stores release Ca** beyond a certain level does
STIM1 form multimers and migrate to the plasma membrane to open CRAC
channels. These findings support earlier reports that demonstrated significant store

depletion was needed for CRAC channels to open (106,110).

Despite all-or-none activation of CRAC channels, mast cells have the ability to
produce graded Ca** signals through mechanisms that either alter the rate of Ca?*
entry into, or the rate of Ca** removal from, the cytoplasm. The rate of Ca’* entry is
affected by the prevailing electrical gradient and the availability of CRAC channels.
Depolarization of the membrane potential reduces the electrical gradient for Ca*
entry and thus decreases Ca®* entry through CRAC channels. An alteration in the
activity of an ion channel would therefore impact upon the Ca*" signal, without
necessarily affecting the CRAC channels themselves. Closure of K* channels would
depolarize the membrane potential, and this would reduce Ca®* entry. CRAC
channels in mast cells are subject to numerous inactivation mechanisms that function
to limit further influx. These mechanisms include Ca?* itself (39,73,111,112), protein
kinase C (113), sphingosine (114), and arachidonic acid (data not shown). The rate of
Ca’* removal from the cytoplasm reveals the actions of plasma membrane
transporters (Na*-Ca”" exchange and Ca’* ATPase pump), mitochondrial Ca?* uptake
through the uniporter channel, and sequestration into stores by sarco / endoplasmic
reticulum Ca®* ATPase (SERCA) pumps and into Golgi by secretory pathway Ca’*
ATPase (SPCA). In mast cells, mitochondrial Ca** uptake, SERCA and plasma
membrane Ca** pumps play the major role in removing Ca®* from the cytoplasm

(112). All these mechanisms are regulated by intracellular signals and could thus help
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shape the overall Ca®* signal. Thus, a wide range of mechanisms exist that can grade

the extent of the Ca”* signal despite all-or-none CRAC channel activation.

Previous work from our laboratory examined whether mast cell responses were
graded or all-or-none following CRAC channel activation, by examining the effects
of different levels of muscarinic receptor activation on Icrac activation, cytoplasmic
Ca?*, protein kinase C translocation, ERK stimulation, and cPLA; and 5-LO activities
(measured through production of arachidonic acid and LTC,, respectively) in acutely
isolated rat peritoneal mast cells as well as the RBL-1 mast cell line (115). It was
shown that increasing agonist concentration increased activation of ERK, cPLA,, and
secretion of LTC,4 in a graded manner in cell population measurements. All these
responses were abolished by removal of external Ca?* (115). Therefore, Ca?* influx
through CRAC channel accounts for the mast cell responses. Despite the graded
responses to agonist, Icrac developed in an all-or-none way in response to muscarinic
receptor activation. Icrac Was measured at a single cell level whereas the biochemical
studies were carried out on populations of cells. The averaged response from a cell
population is based on the assumption that all cells within that population respond to
agonist. When PKC translocation in response to agonist was measured at the single
cell level, it was found that increasing agonist concentration activated more cells
(115). But for any cell that showed PKC translocation regardless of agonist
concentration, movement was maximal. The results demonstrated that increasing
agonist concentration recruited more cells in the population but each cell responds in
an all-or-none manner. Recruiting more cells in an all-or-none manner is an effective
approach to generate greater levels of local paracrine signals since at restricted sites

of inflammation, where the number of mast cells present may be relatively low.
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CRAC channels lead to the synthesis and secretion of LTC, and LTC,4 in turn
activates CRAC channels. This led to the concept of a positive feedback step between
CRAC channels and leukotrienes that would sustain mast cell activation (116).
External solution collected from one population of mast cells, in which CRAC
channels had been opened evoked large and repetitive Ca** oscillations in a second
resting population of Fura-2-loaded RBL-1 cells, and these signals were totally
blocked by the CysLT1 antagonists, montelukast and pranlukast (116). Conversely,
pretreatment of the first population (the source of paracrine signal) with zileuton (an
inhibitor of 5-LO) prevented the external solution collected from stimulated mast
cells from evoking Ca®* signals in the Fura-2 loaded cells (116). External solution
taken from the donor cells in which 5-LO had been knocked down was unable to
evoke Ca** signals in the Fura-2-loaded cells (116). Similarly prior knock down of
CysLT1 receptor using RNAI in Fura-2 loaded RBL-1 cells rendered the cells
insensitive to external solution taken from the stimulated donor cells (116). Hence
LTC, produced following store depletion was able to stimulate a Ca®* signal in a
separate mast cell population. When the cells used to generate LTC, were stimulated
in the absence of external Ca®*, there was no Ca”" rise in the Fura-2 loaded cells
(116). Thus store-operated Ca** entry drives this form of intercellular signalling.
When purified LTC4 or LTD4 were applied to RBL-1 cells, oscillatory Ca** signals
were evoked, and these were blocked with montelukast. Collectively, these results
demonstrate that leukotrienes play a major role in paracrine activation of mast cells.
These results are relevant to primary cells because acutely isolated rat peritoneal mast
cells and human nasal mast cells also generated LTC, and responded to LTC,, in a
manner that was blocked by CysLT1 antagonists such as montelukast (116,117).

These showed the results were in agreement with cultured cells.
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It was further shown that Ca** entry through CRAC channels in a patched cell
induced a Ca*" rise in the neighbouring cells, and this rise was prevented by
montelukast (116). Therefore activation of CRAC channels in one cell is able to
generate sufficient leukotriene for paracrine signalling. This positive feedback model
IS summarised in Figure 1-7. Mast cell activation results in the opening of CRAC
channels. The local Ca®* entry then activates 5-LO, which stimulates the production
of LTC,. Secreted LTC, acts on cell surface CysLT1 receptors on adjacent cells,
leading to activation of CRAC channels. Ca?* influx into these cells then activates
LTC, production and the cycle continues. Not only do acutely isolated human mast
cells show this type of paracrine signalling in vitro, but staining of mast cells from
nasal polyps with the aniline dye toluidine blue indicated mast cells were generally no
further than 20-50 um apart (116). Hence they are close enough to one another to
induce paracrine signalling. Moreover, the diffusion coefficient for LTC, is quite
high, approximately 400 um?/s (116). This means LTC, can readily cross the gap
between mast cells in the polyps. Finally, mast cells have high affinity for LTC,
(about 25% cells responding to 2 pM LTC,) (116). This would facilitate paracrine

signalling by ensuring low concentrations of LTC, activate the CysLT1 receptors.
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Figure 1-7. Paracrine signalling of LTC,in mast cells. PLP, phospholipids.

1.4 Aims of this thesis

Clearly, Ca®* microdomains are essential for mast cell function. Nevertheless, several
important questions remain. How is local Ca®* near open CRAC channels sensed? Do
Ca®* microdomains contribute to responses evoked by physiological stimuli? How are
Ca®* microdomains relayed to the nucleus, an essential process that underlies the
second phase of an allergic response? These issues are addressed in this thesis.

e Chapter 3: describes a positive feedback step in mast cell activation where
sustained activation of the tyrosine kinase Syk by antigen requires local Ca®*
influx through CRAC channels

e Chapter 4: addresses how local Ca** influx through CRAC channels activate
c-fos gene expression and identify important roles for Syk and STAT5

e Chapter 5: describes how physiological stimulation of cysteinyl leukotriene
type | receptor activates gene expression and reveals the finding that
reversible receptor desensitization actually serves to sustain gene expression
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Chapter 2 Materials &

Methods
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2.1 Materials

All chemicals were obtained from Sigma-Aldrich, unless otherwise stated. The
CRAC channel blocker used in this study, Synta compound, was kindly provided by
Dr. Valerie Morisset at GlaxoSmithKline, UK. The Synta compound is compound 66
from the WO2005/009954 A2 patent (3-fluoropyridine-4-carboxylic acid (2°, 5’-
dimethoxybiphenyl- 4-yl) amide (Fig. 2-1)). Syk inhibitor was purchased from

Calbiochem and thapsigargin was obtained from Merck.

Figure 2-1. Structure of Synta Compound.

2.2 Cell Culture

Rat Basophilic Leukemia (RBL-1) and Human embryonic kidney (HEK293) cells
were bought from ATCC. Cells were cultured (37 °C, 5% CO;) in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum and 1%
penicillin/streptomycin (final concentration of 100 units/ml penicillin and 100 pg/ml
streptomycin, as described previously (106). For Ca®" imaging and patch clamp
experiments, cells were passaged using trypsin onto glass coverslips and used 24-48
h after plating. For RT-PCR and western blot, cells were passaged using trypsin onto

6 cm dishes and used at ~80% confluence.
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2.3 Cell stimulation

RBL cells were sensitized to antigen (dinitrophenyl-bovine serum albumin, 80 pg/ml,
4 min) by incubation in IgE (2.5 pg/ml) overnight in standard culture medium.
Thapsigargin, a SERCA pump inhibitor (2-4 puM, 4 min) was applied to RBL cells for
activation of CRAC channels. Cytoplasmic loading with either EGTA or BAPTA was
carried out by preincubating cells with EGTA-AM or BAPTA-AM (25 pM,

Calbiochem) for 45 min at room temperature.

2.4 Ca** Imaging

Ca’* imaging experiments were carried out at room temperature using the IMAGO
charge-coupled device camera-based system from TILL Photonics, as described
previously (25). Cells were alternately excited at 356 and 380 nm (20 ms exposures)
using a Polychrome Monochromator. Images were acquired every 2 seconds. Images
were then analysed offline using IGOR Pro for Windows. Cells were loaded with
Fura-2-AM (4 uM, Invitrogen, UK) for 45 min at room temperature in the dark and
then washed in standard external solution of composition 145 mM NaCl, 2.8 mM
KCI, 2 mM CaCl,, 2 mM MgCl,, 10 mM D-glucose, 10 mM HEPES, pH 7.4, with
NaOH. Ca?*-free solution had the following composition: 145 mM NaCl, 2.8 mM
KCI, 2 mM MgCl,, 10 mM D-glucose, 10 mM HEPES, 0.1mM EGTA, pH 7.4, with
NaOH. Cells were left for 15 min to allow further deesterification. Ca®* signals are

presented as the ratio 356/380.

2.5 Patch Clamp Recordings

Whole cell patch clamp recordings were carried out as described (76). Sylgard-
coated, firepolished patch pipettes were filled with a solution that contained 145 mM

cesium glutamate, 8 mM NaCl, 1 mM MgCl,, 2 mM Mg-ATP, 10 mM HEPES, 10
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mM EGTA, 30 uM InsPs, pH 7.2, with CsOH. Pipette resistance was ~5 megohms
when placed in an external solution containing 145 mM NaCl, 2.8 mM KCI, 10 mM
CsCl, 10 mM CaCl,, 2 mM MgCl;, 10 mM D-glucose, 10 mM HEPES, pH 7.4, with
NaOH. The inwardly rectifying K* current was measured with a pipette solution
containing 145 mM potassium glutamate, 8 mM NaCl, 1 mM MgCl,;, 2 mM Mg-
ATP, 10 mM HEPES, 0.1 mM EGTA, pH 7.2, with KOH. Bath solution for
measuring the K* current contained 108 mM NaCl, 50 mM KCI, 10 mM CaCly, 2
mM MgCl;, 10 mM D-glucose, 10 mM HEPES, pH 7.4, with NaOH. A correction of
+10 mV was applied for the subsequent liquid junction potential that arose from the
glutamate-based pipette solutions. Ca** current through CRAC channels and K*
current through inwardly rectifying K* channels were followed by applying voltage
ramps (at 0.5 Hz) spanning -100 to +100 mV in 50 ms from a holding potential of 0
mV. Current amplitudes were measured from the ramps at -80 mV and normalized to
cell size by dividing the amplitude by cell capacitance. Currents were filtered using
an 8-pole Bessel filter at 2.5 kHz and digitized at 100 us. Capacitative currents were
compensated before each ramp. Leak currents were subtracted by averaging two ramp
currents obtained just before Icrac Started to develop from all subsequent recordings.

Series resistance was around 8-10 MOhms.

2.6 Preparation of Cell Lysates

Attached cells from 6-cm plastic dishes were washed twice with phosphate-buffered
saline (PBS) and lysed with PBS buffer containing 0.5% Triton X-100, 2 mM EGTA,
protease inhibitor cocktail (Sigma, UK), 1 mM sodium vanadate and 1 mM PMSF
(phenylmethanesulphonyl fluoride), as described (25). Lysates were centrifuged at

8000 g for 5 min, and the supernatants were collected and stored at -80 °C for
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subsequent experiments. Protein concentrations were determined by Bio-Rad DC

protein assay.

2.7 Western Blotting

Total cell lysates (40-50 pg) were separated by SDS-PAGE on a 10% gel and
electrophoretically transferred to nitrocellulose membrane. Membranes were blocked
with 5% bovine serum albumin in TBS plus 0.1% Tween 20 (TBST) or 5% nonfat
dry milk in PBS plus 0.1% Tween 20 (PBST) buffer for 2 h at room temperature.
Membranes were washed with TBST/PBST three times and then incubated with
primary antibody overnight at 4 °C or for 1 h at room temperature. The membranes
were then washed with TBST/PBST again and incubated with a secondary antibody
IgG for 1 h at room temperature. After washing with TBST/PBST, the bands were
developed for visualization using ECL-plus Western blotting detection system (GE
Healthcare, Amersham, UK). Gels were quantified using the UN-SCAN-IT software
package (Silk Scientific Inc., Orem, UT, USA). Anti-phospho-Syk antibody, anti-
phospho-ERK, anti-phospho-STAT5 and STAT5 were from Cell Signalling (Boston,
MA, USA) and used at 1:2500 dilution. Total ERK2 antibody was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA) and used at a dilution of 1:5000. The
membranes were then washed with TBST/PBST again and incubated with a 1:2500—
5000 dilution of goat anti-rabbit secondary antibody IgG from Santa Cruz
Biotechnology (Santa Cruz, CA, USA) or 1:2000 dilution of peroxidase-linked anti-
mouse 1gG from Amersham Bioscience (Buckinghamshire, UK) for 1 h at room
temperature. Total ERK2 is widely used as a control for gel loading (118-120). The
antibody does not discriminate between phosphorylated (and hence active) and non-
phosphorylated ERK2 and therefore detects the total amount of this protein,

regardless of whether the kinase has been activated. The extent of Syk
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phosphorylation and ERK phosphorylation were therefore normalized to the total
amount of ERK2 present in each lysate, to correct for differences in amount of cells
used for each condition (25). The extent of STAT5 phosphorylation was normalized

to the total amount of STATS present in each lysate

2.8 Transfection and RNAI

Lipofectamine™2000 (Invitrogen, Paisley, UK) was used for transfection of HEK293
cells, and Cell line Nucleofector kit VV (Lonza, Cologne , Germany) was used for RBL
cells (54). Cells were transfected with RNAI directed against Orail/Syk using the
Amaxa system, as previously described (13). Orai siRNA sequence was designed by
using Invitrogen block-it software and Syk Stealth™ siRNA duplex oligonucleotide
was from Invitrogen, Paisley, UK (Table 2-1). Control cells were transfected under
identical conditions with scrambled siRNA (Invitrogen, Paisley, UK) or enhance

green fluorescent protein.

Table 2-1. siRNA sequences

Gene RNAI Sequence (5°-3°)
Orail Sense: GUCCACAACCUCAACUCCTT
Syk Sense: CCCUCUGGCAGCUAGUGGAACAUUA

Antisense: UAAUGUUCCACUAGCUGCCAGAGGG

2.9 Reverse Transcriptase-PCR

Total RNA was extracted from RBL cells by using an RNeasy Mini Kit (Qiagen,
West Sussex, UK). RNA was quantitated spectrophotometrically by absorbance at
260 nm. Total RNA (1 pg) was reverse-transcribed using the iScript™ cDNA

Synthesis Kit (Bio-Rad, Hemel Hempstead, UK), according to the manufacturer’s
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instructions. Following cDNA synthesis, PCR amplification was then performed

using BIO-X-ACT™ Short DNA Polymerase (Bioline, London, UK) with primers

specific for gene of interest. PCR primers (Table 2-2) for the detection of Orail, -

actin and c-fos were synthesized by Invitrogen, UK. The PCR products were

electrophoresed through an agarose gel and visualized by ethidium bromide staining.

Table 2-2. PCR primer sequences, optimal amplification cycles, and product sizes

5’-AGCCGACTCCTTCTCCAGCAT-3’

Antisense:

5’-CAGATAGCTGCTCTACTTTGC-3”

Gene | Primer Sequence Optimal Size,
Conditions bp
Orail | Sense: 32 cycles 133
5’-AGTCCTCACCTTCCCACTGG-3’
Antisense:
5’-GCCTCTTCCTTCCACACTCTG-3’
B-actin | Sense: 28 cycles 764
5’>-TTGTAACCAACTGGGACGATATG-3’
Antisense:
5’-GATCTTGATCTTCATGGTGCTAGG-3’
c-fos | Sense: 32 cycles 298

2.10 Immunofluorescence

Cells were fixed in 4% paraformaldehyde in phosphate buffer for 30 min at room

temperature. All the washes used 0.01% PBS (PBS; 137 mM NacCl, 2.7 mM KCI, 8
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mM Na;HPO,4, 1 mM KH,PO,). The cells were blocked with 2% BSA and 10% goat
serum for 1 h. Anti-Syk or Anti-c-fos were used in carrier (0.2% BSA, 1% goat
serum) and left overnight at 4°C. Anti-Syk antibody and anti-c-fos antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Cell
Signalling (Boston, MA, USA) respectively. The secondary anti-rabbit 1gG was a
HandL chain specific (goat) fluorescein conjugate (Alexa Fluor 568, excitation at 578
nm, emission at 603 nm wavelength) from Invitrogen, Paisley, UK. This was used in
PBS for 2 h at room temperature. GFP-transfected cells (excitation at 395/475 nm,
emission at 509 nm) acts as control. The cells were mounted in Vectashield mounting

medium. Images were obtained using a Leica confocal microscope.

2.11 Statistical Analysis

Results are presented as means + S.E.M. Statistical significance was assessed using
Student’s t test for comparison between two groups or analysis of variance (ANOVA)
followed by a post hoc Newman Keuls multiple comparison test for the difference

between groups and considered significant at p < 0.05 (*).
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Chapter 3 Sustained

Activation of the Tyrosine
Kinase Syk By Antigen
Requires Local Ca*" influx

through CRAC channels
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3.1 Introduction

The cell surface IgE receptor, FCeRI, recognizes the Fc region of antigen-specific IgE
molecules (Fig. 3-1). Cross-linking of FCeRI receptors with antigen is a critical early
step in mast cell activation (19,121). FCeRI receptors couple to a cascade of protein
kinases, among which the non-receptor tyrosine kinase Syk plays a pivotal role in
mast cell stimulation (6,122). Syk binds to tyrosine-phosphorylated residues in the
immunoreceptor tyrosine-based activation motif of the FCeRI  and y chains via its
two SH2 domains, increasing enzyme activity (123-125). Syk-null cells fail to
degranulate following exposure to antigen and antisense oligonucleotides directed
against Syk reduce antigen-driven responses in an in vivo rat model of asthma (126).
In the RBL mast cell line, inhibition of Syk suppresses degranulation (127) as well as

production of the pro-inflammatory cysteinyl leukotrienes (25).

In RBL cells, activated Syk stimulates phospholipase Cyl (PLCy1)(128), which
hydrolyzes the phospholipid phosphatidylinositol 4,5-bisphosphate to generate
inositol trisphosphate (InsP3) and diacylglycerol (129). InsP3; binds to tetrameric
InsPs-gated Ca”* channels in the endoplasmic reticulum, releasing stored Ca®* into the
cytosol. The ensuing store depletion then activates store-operated CRAC channels in
the plasma membrane (130), which provide a substantial portion of Ca?* needed to
activate mast cells. Genome-wide RNAI knockdown strategies have identified two
key molecular components of the store-operated Ca®* entry pathway, STIM1 (30,131)
and Orail (31,132,133). STIML1, a protein that spans the endoplasmic reticulum, is the
Ca’" sensor that detects the fall in Ca®* content within the store. It migrates from a
relatively homogeneous distribution throughout the endoplasmic reticulum to discrete
puncta within 25 nm of the plasma membrane, lining up opposite the plasma

membrane protein Orail (134). Site-directed mutagenesis has established that Orail is
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all or part of the CRAC channel pore (135-137). The importance of STIM1 and Orail
in mast cell function is underscored by the findings that degranulation, secretion of
pro-inflammatory cysteinyl leukotrienes and chemokines, as well as the ability to
mount an inflammatory response are all severely compromised in mice in which these

genes have beenablated (84,85).

Activation of immune cells often requires sustained Ca®* entry through CRAC
channels (138). This in turn is dependent on a maintained elevation in InsP; levels
(and thus PLCy activity), which is needed to ensure the stores are depleted sufficiently
for CRAC channels to remain open. Because PLCy can be activated by Syk, |
examined whether the subsequent Ca?* influx can feed back to maintain Syk
activation. The findings reveal a novel self-regenerative process whereby local Ca?*
influx through CRAC channels increases Syk activity, which in turn sustains CRAC

channel activity by preventing store refilling.
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Figure 3-1. IgE-mediated mast cell activation.
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3.2 Results
3.2.1 Antigen-evoked responses depend on functional Syk

Phosphorylation and thus activation of Syk is a central early event following FC<RI
receptor engagement (122). By regulating PLCy, Syk drives the generation of
cytoplasmic Ca®* signals in response to antigen stimulation. Consistent with this, pre-
treatment for 10 min with the Syk inhibitor 3-(1-methyl-1H-indoyl-3-yl-methylene)-
2-0x0-2,3-dihydro-1H-indole-5-sulfonamide prevented the generation of the antigen-
evoked cytoplasmic Ca?* rise in IgE-sensitized RBL cells (Fig. 3-2A). Acute
application of the Syk inhibitor after the antigen-activated Ca** signal had developed
also resulted in suppression of the Ca®* signal (Fig. 3-2B). Hence Syk activity is
critical for both the generation as well as subsequent maintenance of the Ca®* signal

following activation of FCeRI receptors.
3.2.2 Ca*" influx enhances Syk activity

The non-receptor tyrosine kinase Syk is activated following phosphorylation of
tyrosine residues within the activation loop (139,140). Syk activity was monitored by
using a monoclonal antibody that specifically recognized phosphorylated tyrosine
residues in this active loop. Stimulation with antigen for 4 min in the presence of
external Ca?* resulted in robust Syk phosphorylation (upper panel of Fig. 3-2C; lower
panel depicts total (combination of active and non-active) ERK2, which is taken as a
control for gel loading; aggregate data from four independent experiments is
summarized in Fig. 3-2D). However, when cells were stimulated with antigen for the
same time but now in the absence of external Ca**, significantly less (~2-fold) Syk
phosphorylation occurred (Fig. 3-2, C and D). Because Western blotting involves a

large population of cells, 1 was concerned that fewer cells in the population might
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respond to antigen in Ca®*-free solution than in the presence of Ca?*, thus accounting
for the difference in Syk activation. However, the number of cells responding- to

either condition was similar (data not shown; see also Fig. 3-4).

| considered the possibility that Syk phosphorylation induced by antigen in the
absence of external Ca?* involved release of Ca** from internal stores. Cells were
exposed to thapsigargin (2 uM) in Ca®*-free solution to deplete the stores and then
antigen was applied, still in the absence of external Ca®*. Antigen now failed to
trigger a Ca®* response (data not shown). Ca®* release to thapsigargin failed to
activate Syk (data not shown and see also Fig. 3-6) but application of antigen after
thapsigargin still resulted in Syk phosphorylation and to an extent similar to that seen
when cells were stimulated with antigen in Ca**-free solution but in the absence of
thapsigargin (Fig. 3-2E). Hence the activation of Syk in the absence of external Ca*

is independent of Ca?* release from the stores.

In mast cells, Ca?* influx can activate protein kinase C o and B II thereby recruiting
the MEK/ERK pathway (25). To see whether Syk activation was secondary to this
signalling cascade, protein kinase C (PKC) was directly stimulated with the phorbol
ester phorbol 12-myristate 13-acetate. No Syk phosphorylation was detected (Fig. 3-
2F). To confirm specificity for the FCeRI pathway, Syk activation was measured
following stimulation of endogenous P,Y receptors, which couple to PLC but not
PLCy to generate InsP;. No Syk phosphorylation was detectable (Fig. 3-2G). Finally,
Syk activation required the presence of FCeRI receptors, because application of
antigen to RBL cells that had not been pre-exposed to IgE failed to evoke Syk
phosphorylation (Fig. 3-2G). Collectively, these results demonstrate that extracellular
Ca’" is required to sustain Syk activity following FCeRI receptor stimulation, and this

does not involve PKC or subsequent downstream events.
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Figure 3-2. Activity of the tyrosine kinase Syk is required for, and sustained by,
Ca?* influx in response to FCeRI receptor activation. A, stimulation of Fura-2-
loaded RBL cells with antigen (80 pg/ml) produced a sustained Ca?* rise, and this
was suppressed by pre-treatment with the Syk inhibitor (10 uM for 10 min). B, after
stimulation with antigen, the Syk inhibitor rapidly abolished the Ca** signal. C,
Western blot shows antigen stimulation (4 min) led to robust Syk phosphorylation
(denoted Syk-P) in the presence of external Ca** (+Ca?*) and this was considerably
less when Ca®** was removed (0Ca*). Control denotes lysate from non-stimulated
cells. Lower panel, ERK2 blots from the corresponding lysates used in the upper gel.
D, aggregate data from four independent gels is shown. Gels were quantified as
described under Chapter 2. E, following store depletion with thapsigargin (2 uM for
10 min in Ca®*-free external solution), antigen (applied in Ca®*-free solution) still
triggered Syk phosphorylation. Gels shown are typical of three independent
experiments. F, direct stimulation of protein kinase C with the phorbol ester phorbol

12-myristate 13-acetate (1 pM for 10 min) failed to evoke Syk phosphorylation. G,
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neither 100 uM ATP (4 min) nor application of antigen to non-IgE-treated cells led to

Syk phosphorylation.
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3.2.3 Local Ca?" influx maintains Syk activity

Although the previous results demonstrate a requirement for extracellular Ca** in
sustaining Syk activity, they do not distinguish between a specific role for Ca** influx
or simply the presence of external Ca®* per se. To distinguish between these
possibilities, the electrical driving force for Ca®* influx was reduced while keeping
extracellular Ca®* constant. Cells were depolarized by blocking K* channels with the
combination of external Cs* and TEA". Syk activation following antigenic stimulation
was significantly reduced (Fig. 3-3A, aggregate data from three independent
experiments is summarized in Fig. 3-3B), demonstrating that Ca®* influx is required

for sustaining Syk activity.

| asked whether Ca®* influx activated Syk through a local action or whether it
involved a rise in bulk cytoplasm Ca*" concentration. To slow down the rate of rise of
bulk cytoplasmic Ca** and to reduce its extent, cytoplasmic Ca®** buffering was
increased by loading cells with the fast Ca®* chelator BAPTA together with Fura-2.
With the loading protocol, sufficient BAPTA enters the cytoplasm to substantially
blunt the bulk cytoplasmic Ca’* rise following Ca** influx (54). However, as shown in
Fig. 3-3 (C and D), Syk activation was unaffected. Because BAPTA is a fast Ca®*
chelator, this suggests that Ca®* influx acts locally, stimulating Syk phosphorylation

within a few nanometers of the Ca** entry sites.
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Figure 3-3. Local Ca*" influx activates Syk. A, reducing the electrical driving force
for Ca®* entry by blocking K* channels with Tetraethylammonium (TEA*) and Cs*
(applied 4 min before stimulation and both at 10 mM) decreased antigen-evoked Syk
phosphorylation. B, aggregate data from three independent experiments are
summarized. Antigen was applied for 4 min in 2 mM Ca?*. C, increased cytoplasmic
Ca’* buffering by loading cells with BAPTA (25 uM BAPTA for 45 min) did not
prevent Syk phosphorylation by antigen. D, aggregate data from four experiments are

summarized.
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3.2.4 The Ca?" influx pathway sustaining Syk activity is the store-operated CRAC

channel

Pharmacological and gene knockdown experiments were carried out to identify the
molecular identity of the Ca?* influx pathway activated by antigen. CRAC channels
are very sensitive to the trivalent cation Gd**, with full block occurring in the low
micromolar range (38). Our previous work has confirmed that low Gd** blocks
CRAC channels in RBL cells (86). Therefore the extent of Syk phosphorylation to
antigen (applied in the presence of 2 mM Ca?*) was compared in the absence and then
presence of 2 pM Gd**. Antigen-triggered Syk phosphorylation was significantly
reduced in the presence of Gd** (Fig. 3-4A), and the extent of the remaining Syk
phosphorylation was similar to that seen when cells were stimulated with antigen in

Ca’*-free solution (Fig. 3-2).

The pharmacological strategy was extended by using a novel CRAC channel blocker,
called the Synta compound (see Chapter 2). Store-operated CRAC channels were
activated by exposing Fura-2-loaded cells to the sarcoplasmic-endoplasmic reticulum
calcium ATPase pump blocker thapsigargin in Ca®*-free solution. By blocking Ca**
reuptake, thapsigargin gradually depletes the stores of Ca®", thereby opening CRAC
channels. Readmission of external Ca®" results in Ca®" entry through the CRAC
channels, generating a cytoplasmic Ca®* rise. The rate of rise of cytoplasmic Ca** was
measured following Ca** readmission, because this is a more reliable indicator of
CRAC channel activity than the steady-state amplitude. As shown in Fig. 3-4B, 10
UM Synta compound substantially slowed the rate of rise of the cytoplasmic Ca®*
signal after readmission of external Ca**, and this amounted to almost 90% block of

the CRAC channels (Fig. 3-4C).
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To measure CRAC channel activity directly, | carried out whole cell patch clamp
recordings in which | activated the CRAC current (Icrac) by dialyzing cells with
InsP; in 10 mM EGTA. The time course of Icrac development is shown in Fig. 3-4D
(filled circles) and the current-voltage relationship, taken when lcrac had reached
steady-state, is depicted in Fig. 3-4E. Pre-treatment for 5 min with 10 uM Synta
compound abolished Icrac (Fig. 3-4, D and E). Similarly, after activation of Icrac,
perfusion with the Synta compound resulted in a loss of the current (data not shown). |
constructed a dose-inhibition curve for the Synta compound, which is summarized in
Fig. 3-4F. These data could be fitted with a Hill-type equation, yielding a Hill

coefficient of 1.1 and an ICsq 0f 3 uM.

Having established that the Synta compound blocks CRAC channels, | went on to
examine the effects of the drug on antigen-evoked Ca** influx and Syk activation. The
Synta compound suppressed Ca®* influx evoked by antigen (Fig. 3-4G) and reduced
the extent of Syk phosphorylation (Fig. 3-4, H and 1). Strikingly, the fall in Syk
activity (~50%, Fig. 3-41) in the presence of Synta compound was similar to that seen
when external Ca?* was removed (Fig. 3-2D), consistent with suppression of Ca®*

influx by Synta compound.

The selectivity of the Synta compound for CRAC channels was tested by examining
whether the drug interfered with two other major ion transport mechanisms in the
mast cell membrane: inwardly rectifying K* channels and the plasma membrane Ca**
ATPase pump. The current-voltage relationship and the amplitude of the inwardly
rectifying K™ current was unaffected by 10 uM Synta compound (Fig. 3-5, A and B).
Similarly, the rate of Ca®" removal from the cytoplasm after stimulation with

thapsigargin in Ca?* free solution, which reflects activity of the plasma membrane
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Ca?* ATPase pump (112), was similar in the absence and presence of the Synta

compound (Fig. 3-5, C and D).
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Figure 3-4. Pharmacological block of CRAC channels reduced antigen-evoked
Syk phosphorylation. A, exposure to antigen in the presence of 2 uM Gd*>* prevented
Ca’" influx-dependent Syk phosphorylation. The upper gel compares the extent of
Syk phosphorylation in 2 mM Ca®" and then 2 mM Ca?* and Gd**; lower gel, total
ERK2 levels. B, the CRAC channel blocker Synta compound (10 uM) inhibited store-
operated Ca* entry. In these experiments, cells were loaded with Fura-2 and pre-
treated for 10 min with thapsigargin (2 uM) in Ca®*-free solution. Ca** was
readmitted as indicated. C, the rate of rise of the Ca** signal from experiments as in

panel B are summarized. Each bar represents >80 cells. D, pre-treatment with 10 pM
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Synta compound suppresses development of Icrac. E, current-voltage relationships
from the recordings in panel D (~100 s) are shown. F, the relation between Icrac and
Synta compound concentration is shown. G, 10 uM Synta compound inhibited
antigen-evoked Ca”* influx in Fura-2-loaded cells (>60 cells per point). H, antigen-
triggered phosphorylation of Syk was reduced by 10 uM Synta compound. I,
aggregate data from four experiments, as in H, is summarized. In H and I, antigen (10

pg/ml) was applied in 2 mM Ca*".
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Figure 3-5. The Synta compound does not impair other plasma membrane ion
transporters. A, current-voltage relationships for inwardly rectifying K™ current are
shown for a control cell and for one exposed to 10 uM Synta compound for 10 min.
B, aggregate data for control cells (n = 5) and for those exposed to the Synta

compound (n = 6) are compared. Current amplitudes were measured from voltage
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ramps at —-80 mV. C, plasma membrane Ca’* ATPase activity was monitored in
control cells and in those exposed to the Synta compound by measuring the rate of
decline of the cytoplasmic Ca*" signal following stimulation with thapsigargin in
Ca?*-free solution (with 0.1 mM EGTA). D, aggregate data from experiments as in

panel C are compared. For both conditions, number of cells was >60.
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3.2.5 RNAI knockdown of Orail reduces antigen-dependent Syk activation

To strengthen the pharmacological approach, an RNAi knockdown strategy was used
to suppress expression of the protein Orail, which is central to the CRAC channel
pathway. Orail is a plasma membrane protein that comprises the pore of the CRAC
channel (31,132,135-137). Transfection with siRNA to Orail resulted in a reduction
in Orail mMRNA levels, measured using reverse transcription-PCR (Fig. 3-6A).
Knockdown was only partial, because our transfection efficiency was ~60%, judged
by expression of eYFP. Co-transfection of Orail siRNA with an eYFP construct
enabled us to identify transfected cells and thus measure the impact of Orail
knockdown on store-operated Ca®* entry. Readmission of external Ca** to cells pre-
treated with thapsigargin resulted in robust store-operated Ca’* influx in cells
transfected with either eYFP alone or eYFP and scrambled siRNA (Fig. 3-6B).
However, the rate and extent of Ca®* influx was significantly reduced when cells were
transfected with Orail siRNA (Fig. 3-6B, aggregate data are summarized in Fig. 3-
6C). Hence knockdown of Orail results in significantly less store-operated Ca®" entry.
Following Orail knockdown, antigen activation of Syk was significantly reduced
(Fig. 3-6D, aggregate data are summarized in the lower panel), demonstrating a role
for CRAC channels in Syk activation. The fall in Syk phosphorylation following
Orail knock down was not as extensive as that seen in Ca®*-free solution (where no
Ca’" entry occurs), probably because transfection efficiency was ~60%. Collectively,
the pharmacological and RNAi experiments reveal that it is antigen-evoked Ca** entry

through CRAC channels that maintains the activity of Syk.
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Figure 3-6. Knocking down expression of Orail suppressed antigen-evoked Ca®*
influx and subsequent Syk phosphorylation. A, reverse transcriptase-PCR shows
that transfection with siRNA to Orail results in reduced Orail expression. Upper
panel, Orail; lower panel, B-actin controls for the samples used in the upper panel. B,
store-operated Ca®* influx is significantly reduced by siRNA to Orail. Cells were
transfected with eYFP alone, eYFP and nonsense siRNA (control), or eYFP and
OrailsiRNA. 48-60 h post-transfection, cells were exposed to thapsigargin in Ca**-
free solution and then 2 mM Ca®* was readmitted. The extent of Ca** release by
thapsigargin was similar for the two conditions. C, aggregate data from several
experiments as in panel B are shown. The peak amplitude of the Ca®* signal was
measured. Control denotes 77 cells and Orail siRNA 61 cells. A similar reduction in
the rate of Ca** influx was also observed. D, transfection of cells with RNA.i to Orail
significantly reduced Ca®* influx-dependent activation of Syk in response to antigen
stimulation. The upper gel compares Syk activation to antigen for control transfected
cells and for those in which Orail had been knocked down. The lower gel is the total
ERK2 loading control. The histogram depicts averaged data from four independent

experiments.
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3.2.6 Synergy between CRAC channels and FceRI receptors in phosphorylating Syk

Although antigen activates lcrac, it does so to a submaximal extent even when
applied at a supra-maximal concentration (113). The size of the current can be
increased by further depletion of stores (113). To see whether antigen activation of
Syk could be increased by recruiting more CRAC channels, antigen was applied
together with thapsigargin. Thapsigargin depletes stores sufficiently to activate Icrac
maximally (141). The combination of antigen and thapsigargin resulted in
substantially more Syk phosphorylation than was observed with antigen alone (Fig. 3-
TA, aggregate data are depicted in the lower panel). By blocking sarcoplasmic-
endoplasmic reticulum Ca?* ATPase pumps, thapsigargin not only depletes stores but
also reduces Ca®* buffering. This would increase the extent and time course of the
Ca’* signal evoked by antigen. To test whether the dramatic potentiating effects of
thapsigargin on antigen-evoked Syk phosphorylation were indeed due to the reduction
in Ca®* buffering, antigen was applied with thapsigargin but now in Ca*-free external
solution. Under these conditions, the combination of antigen and thapsigargin was
only as effective as antigen alone (Fig. 3-7B); no potentiation occurred. Reduced
cytoplasmic Ca®* clearance therefore cannot explain the significant increase in Syk
phosphorylation seen in response to the combination of antigen and thapsigargin.
Stimulation with thapsigargin in the presence of external Ca®* failed to evoke any
detectable Syk phosphorylation (Fig. 3-7C). Hence receptor-independent activation of
CRAC channels and subsequent Ca”* entry cannot mimic the effects of antigen
stimulation on Syk phosphorylation. Instead, Ca®* entry acts synergistically with an
early consequence of FCeRI receptor cross-linking and this interaction sustains Syk

activity.
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Figure 3-7. Antigen and CRAC channels interact synergistically to sustain Syk
phosphorylation. A, upper panel; Western blot showing Syk phosphorylation
induced by antigen was increased by thapsigargin. Aggregate data from three
experiments is summarized in the lower panel. B, upper panel shows that Syk
phosphorylation following stimulation with antigen in Ca**-free solution was not
enhanced by thapsigargin. Aggregate data from two experiments is summarized in the
lower panel. C, activation of CRAC channels by thapsigargin alone did not lead to
any detectable Syk phosphorylation (upper panel), compared with control (non-
stimulated) cells. Averaged data from three experiments are summarized in the lower
panel, which compares Syk phosphorylation to antigen in 2 mM Ca?* versus

thapsigargin in 2 mM Ca?*.
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3.3 Discussion

My findings reveal a novel positive feedback cascade between Syk activity and Ca®*
influx through CRAC channels that sustains mast cell activation. Stimulation of Syk
is an early event after antigen stimulation where it contributes to activation of PLCy
and subsequent Ca?* release from intracellular stores (84). This fall in store Ca®*
content results in activation of CRAC channels (28). When Syk activity is blocked
after the development of a Ca®* plateau (reflecting store-operated Ca®* entry) to
antigen, the Ca** signal falls rapidly. Hence Syk activity is required both to initiate
and then sustain Ca®* entry, presumably by maintaining InsPs at levels sufficient to
ensure partial store depletion (138). Syk activity is not independent of CRAC
channels, however. Local Ca®* entry through these channels feeds back to sustain Syk
activity, providing a mechanism for the prolonged Ca®* influx seen with FCeRI
receptor activation and which is needed for appropriate stimulation of mast cells. The
finding that Ca®" influx sustains Syk activity provides a molecular mechanism that
helps explain how certain G protein-coupled receptors, which themselves fail to

trigger degranulation, can potentiate the antigen-driven responses in mast cells (142).

In some other cell types, cytoplasmic Ca®* has been reported to activate Syk. In
platelets, Syk was activated by the rise in cytoplasmic Ca’" that accompanied Ca**
ionophore application (143). In a human B cell line, platelet-activating factor
stimulated Syk in a Ca®*-dependent manner (144). Finally, in PC12 cells, Ca** influx
led to the rapid activation of the non-receptor tyrosine kinase PYK2 (145). Although
the mechanism whereby cytoplasmic Ca®* activated these tyrosine kinases was not
resolved, addition of Ca?* to either cell lysates (144) or the isolated kinase (145) did
not increase enzyme activity. Hence Ca®* is unlikely to stimulate Syk directly.
Consistent with this is my finding that Ca?* influx through CRAC channels following
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stimulation with thapsigargin failed to evoke any detectable Syk activation. Instead,
an additional signal associated with FCeRI receptors is required. Syk is activated by
binding, via SH2 domains, to phosphotyrosine residues in the immunoreceptor
tyrosine-based activation motif signalling units on the B and y chains of the receptor,
which are phosphorylated by receptor-associated Src kinases like Lyn (122). It is
conceivable that Syk binding to the immunoreceptor tyrosine-based activation motif
region is increased by Ca?*, that a phosphorylated immunoreceptor tyrosine-based
activation motif region and a Ca* rise are both needed to increase Syk activity, or
that the activity of the upstream tyrosine Lyn, once triggered by receptor cross-

linking, is potentiated by Ca?*.

Finally, the fact that Ca®" influx through CRAC channels but not Ca** release from
intracellular stores was able to activate Syk adds to the growing list of examples
where the spatial location of the Ca* rise is important in selectively activating a
target (49,62). It is striking that Ca®* entry is able to support Syk activity even in the
presence of the fast Ca’* chelator BAPTA in the cytoplasm. BAPTA restricts Ca**
entry to within a few nanometers/tens of nanometers of its point of entry (48), and
therefore it is local Ca®" entry through CRAC channels that maintains Syk. Hence
FCeRI receptors, Syk, and CRAC channels might be closely apposed, possibly co-
localized in a signalling complex. My functional studies lend support to recent
observations that FCeRI-dependent signalling occurs in lipid raft domains (146),

where store-operated channels can also be found (147).
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4.1 Introduction

Ca”* is a universal intracellular messenger, which activates a wide array of important
cellular responses, including secretion, mitochondrial metabolism, gene expression,
and cell growth and differentiation (89). Because cells can respond to Ca?* by
generating more than one type of Ca®*-dependent response, a fundamental question
concerns how specificity can occur to such a multifarious signal (49,148). Growing
evidence points to a major role for local Ca®* signals in activating specific cellular
targets (149). The simplest form of a local Ca®* signal is a Ca** microdomain, which
occurs following the opening of a Ca®*-permeable channel in either the plasma
membrane or intracellular organelles (48). Because the volume a microdomain
occupies is extremely small, the Ca** concentration can rise to reach levels that are

orders of magnitude greater than the bulk cytoplasmic Ca?* rise (48,49).

Store-operated Ca** channels are the major route for agonist-evoked Ca®* entry in
non-excitable cells and open following stimulation of phospholipase C-coupled
receptors (28). These receptors generate inositol 1,4,5-trisphosphate, which releases
Ca’* from the ER (129). The fall in Ca®* content within the store is detected by the
ER Ca’" sensor STIM1, which migrates to specialized ER-plasma membrane
junctions, where it opens the store-operated channels (134). The best characterized
store-operated channel is the CRAC channel (28), the pore-forming subunit of which
is composed of Orail (31,135-137). Ca** entry through CRAC channels regulates

enzyme activity, secretion, gene expression, and cell growth and proliferation (56).

In T cells, NFAT-dependent gene expression requires a global Ca** rise (150-152).
Here, | have examined whether excitation-transcription coupling is driven by global
Ca’" signals or Ca?* microdomains arising from open CRAC channels in mast cells. |

find that local Ca®* influx signals to the nucleus much more effectively than a robust
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bulk Ca®" rise. This leads to the expression of the transcription factor c-fos, a
regulator of proinflammatory gene expression (87). Furthermore, the non-receptor
tyrosine kinase Syk clusters at the cell periphery and couples Ca?* microdomains to c-
fos expression through recruitment of the cytoplasmic transcription factor STAT5 in a
protein kinase C- and MEK/ERK-independent pathway. Ca®* microdomains
following CRAC channel activation also activate Ca**-dependent phospholipase A,
followed by secretion of cysteinyl leukotrienes (54). However, unlike c-fos
expression, this is mediated via the MEK/ERK pathway. Parallel processing of the
Ca?* microdomain by Syk through two distinct signalling pathways constitutes a

novel mechanism to evoke spatially and temporally different cellular responses.
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4.2 Results
4.2.1 Local Ca®* influx through CRAC channels induces c-fos MRNA gene expression

Earlier work from our laboratory has demonstrated that activation of store-operated
CRAC channels in mast cells triggered expression of the c-fos gene (25). To see
whether such excitation-transcription coupling was driven by a local or global Ca®*
signal, a population of RBL-1 cells (a mast cell line) was stimulated with
thapsigargin, a Ca** ATPase inhibitor on the endoplasmic reticulum, which depletes
the Ca?* stores and thereby opens CRAC channels (28). Because the RBL-1 cell
culture is a homogenous population and the cells respond to thapsigargin by
generating Ca’* signals with very similar kinetics, | was able to relate c-fos
expression in cell populations to Ca®* signals in individual cells. Stimulation with
thapsigargin for 240 s in the absence of external Ca** produced a transient Ca** rise in
Fura 5F-loaded cells (Fig. 4-1A), but the Ca®* signal was not associated with any
activation of c-fos expression (Fig. 4-1B, labeled OCa/thap.; aggregate data are
summarized in the bottom panel; p > 0.5 when compared with control (non-
stimulated) cells, ANOVA). On the other hand, stimulation with thapsigargin for the
same time in the presence of 2 mM Ca®*, which results in Ca** influx through CRAC
channels, elicited only a slightly larger Ca?* rise (Fig. 4-1A), but this nevertheless
evoked robust c-fos expression (Fig. 4-1B; *, p < 0.01 when compared with control
(non-stimulated) cells, ANOVA). A major mechanism contributing to the decline of
the Ca”* signal in Ca®*-free external solution is the plasma membrane Ca** ATPase
pump (112). Block of this pump with La®" increases the size and prolongs the
duration of the Ca?* signal in response to thapsigargin (applied in Ca®*-free solution
(Fig. 4-1A) (54)). Despite this substantial increase in cytoplasmic Ca®* concentration,

no c-fos expression was induced (Fig. 4-1B). These results demonstrate that
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excitation-transcription coupling is driven by local Ca®* influx through CRAC

channels rather than a bulk Ca®* rise.
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Figure 4-1. Local Ca’* entry activates c-fos expression. A, Ca** signals evoked by
thapsigargin (2 pM) are shown for the various conditions. B, gene expression evoked
by thapsigargin (Thap.) is compared in 2 Ca®*, 0 Ca®*, and 0 Ca®* plus La*". Top
panel, typical gel; bottom panel, aggregate data from four experiments. The only
stimulation protocol that differed from the control (non-stimulated) state was
thapsigargin in 2 mM Ca®* (p < 0.01, ANOVA). c-fos expression has been normalized

to the control level.
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4.2.2 Effects of changing the size of the Ca** microdomain on c-fos expression

A major determinant of the size of a Ca®* microdomain is the single channel current,
which depends on the prevailing electrochemical gradient for Ca®* entry (48,49). This
gradient was manipulated in two ways: first, the electrical driving force for Ca* entry
was reduced by depolarizing the membrane potential. Second, the concentration
gradient for Ca** influx was altered by varying the external Ca** concentration. Fig.
4-2A summarizes the effects of membrane depolarization on the Ca®* signal following
exposure of cells to Cs* and TEA". These agents fully block the inwardly rectifying
K" current in RBL-1 cells (153), leading to a membrane depolarization from a resting
potential of —80 to —40 mV (154). Over the 4-min exposure to thapsigargin, bulk Ca®*
was only slightly lower in depolarized cells (Fig. 4-2A). However, c-fos expression,
following stimulation with thapsigargin for the same time period, was substantially
reduced following membrane depolarization (Fig. 4-2B; *, p < 0.01 when
thapsigargin was compared with thapsigargin/Cs*/TEA*, ANOVA). Stimulation with
thapsigargin in 0.5 mM Ca** evoked a bulk Ca** signal that was very similar to that
seen in 2 mM Ca** (Fig. 4-2C). However, c-fos expression was significantly lower
when cells were challenged in 0.5 mM Ca?* (*, p < 0.01 for 2 mM versus 0.5 mM
Ca’*, ANOVA; Fig. 4-2D). Stimulation in the presence of a lower Ca®* concentration
(0.25 mM) resulted in a smaller bulk Ca* rise and only modest gene expression (Fig.
4-2, C and D). Collectively, these results reveal that manoeuvres that alter local Ca®*
entry through CRAC channels but have little effect on the bulk Ca®" rise impact

strongly on c-fos expression.
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Figure 4-2. Changes in local Ca®" influx impact upon c-fos expression. A, Ca**
signals in response to 2 uM thapsigargin in 2 mM Ca?* (normal) are compared with
those seen in the presence of 10 mM Cs" and 10 mM TEA®, to block inwardly
rectifying K* channels. B, c-fos expression was significantly reduced, compared with
thapsigargin (Thap.) stimulation, when cells were stimulated with thapsigargin and
Cs'/TEA". Aggregate data from three independent experiments are shown in the
bottom panel. Both thapsigargin groups were significantly different from the resting
group and from each other (p < 0.01, ANOVA). C, Ca** signals following stimulation
with thapsigargin in different external Ca®* concentrations (0.25, 0.5, and 2 mM) are
compared. D, c-fos expression is compared for the different conditions. Aggregate
data from four independent experiments are depicted in the histogram. Data have
been normalized to control (non-stimulated levels). Differences between each data set
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were significant (p < 0.01, ANOVA). There was a significant difference between

thapsigargin/2 Ca®* and thapsigargin/0.5 Ca®* (p < 0.01, ANOVA).
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4.2.3 The fast Ca?* chelator BAPTA inhibits thapsigargin-induced c-fos expression

Consistent with the above results, loading cells with the slow Ca?* chelator EGTA
failed to reduce gene expression following CRAC channel activation (Fig. 4-3A; *, p
< 0.01 when thapsigargin and thapsigargin/EGTA groups were compared with the
control (non-stimulated) group, ANOVA; p > 0.2 when thapsigargin was compared
with thapsigargin/EGTA, ANOVA), despite substantially slowing the rate of
development of the bulk Ca®* signal (Fig. 4-3B) (54). Because EGTA is too slow to
buffer incoming Ca®* close to the channel pore, it does not impact on local Ca*
signals (49,155). On the other hand, the fast Ca** chelator BAPTA can reduce the
extent of Ca®* microdomains (48,49), and it impaired the ability of CRAC channels to
trigger gene expression (Fig. 4-3A; p > 0.3 for thapsigargin and BAPTA group
compared with the control (non-stimulated) group, ANOVA; p < 0.01 for
thapsigargin/BAPTA versus thapsigargin/EGTA, ANOVA), despite reducing bulk

Ca’* to a similar extent as that seen in EGTA (Fig. 4-3B).
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Figure 4-3. Thapsigargin-evoked c-fos expression is blocked by cytoplasmic
BAPTA but not EGTA. A, a typical gel is shown in the top panel, and aggregate
data from four independent experiments is shown below. There was no significant
difference between thapsigargin (Thap.) and thapsigargin/EGTA groups, but p was
<0.01 between thapsigargin and thapsigargin/BAPTA (ANOVA). B, thapsigargin-
evoked Ca”* signals are compared between control cells, cells loaded with BAPTA,
and cells loaded with EGTA (number of cells between 20 and 33). Error bars (S.E.)

are included in each graph.
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4.2.4 Syk couples CRAC channel activity to gene expression

Recent work from our laboratory has found that the non-receptor tyrosine kinase Syk
can be activated by Ca®* microdomains arising from open CRAC channels (156),
prompting us to consider it translates local Ca®* entry into gene expression. This
possibility was tested using two different approaches. First, cells were exposed
acutely to the Syk inhibitor 3-(1-methyl-1H-indoyl-3-yl-methylene)-2-oxo02,3-
dihydro-1H-indole-5-sulfonamide (10 pM for 10 min) and then stimulated with
thapsigargin. c-fos expression was suppressed (Fig. 4-4A; aggregate data from four
experiments are summarized in the bottom panel). There was no significant difference
between the thapsigargin and Syk inhibitor group versus the control group (ANOVA),
whereas thapsigargin versus control was significantly different (p < 0.01, ANOVA,
the difference between thapsigargin versus thapsigargin/Syk was also significant, p <
0.01, ANOVA). Importantly, Ca** flux through CRAC channels was unaffected by
the inhibitor (Fig. 4-4, B and C) as was the membrane potential, measured in current
clamp recordings (—78 = 3 mV control and —74 £ 5 mV after Syk inhibitor; data not
shown). Hence, the loss of c-fos expression is not due to a change in the CRAC
channels themselves nor to the driving force for Ca** influx. Second, | knocked down
expression of Syk using an RNAI approach. Whereas Syk was clearly expressed in
control cells (measured in Western blots; Fig. 4-4D), transfection with Syk RNAI
reduced protein expression by ~60% (Fig. 4-4D; *, p < 0.01, Student's t test). This
was associated with a significant reduction in c-fos gene activation following
stimulation with thapsigargin (Fig. 4-4E; aggregate data from four experiments are
summarized in the bottom panel; *, p < 0.01 between control (non-stimulated) and

thapsigargin groups, ANOVA,; p < 0.01 between thapsigargin and thapsigargin/Syk

65



RNAI groups, ANOVA). Collectively, these results reveal that Syk couples CRAC

channel activity to nuclear events.
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Figure 4-4. Syk is involved in excitation-transcription coupling. A, top panel, c-fos
expression in response to Syk is blocked by the Syk inhibitor. Bottom panel,
aggregate data from four experiments are shown. p < 0.01 between thapsigargin
(Thap.) and thapsigargin/Syk inhibitor group (ANOVA). B, time course of Icrac in a
control cell is compared with one pre-exposed to the Syk inhibitor. The patch pipette
contained 10 mM EGTA to deplete the stores. C, aggregate data from experiments as
in B are depicted (p > 0.3; number of cells was 7 for control and 8 for the Syk
inhibitor). D, top panel, Syk expression, measured using Western blotting, is
compared between wild type cells transfected with scrambled siRNA and cells
transfected with siRNA against Syk. The bottom panel depicts aggregate data from
three independent experiments for the two conditions; p < 0.01, Student's t test. E,
Syk knockdown reduces c-fos expression. Top panel, a typical gel. Bottom panel,
aggregate data from four independent experiments are shown. Thapsigargin and
thapsigargin/Syk RNAI groups were both significantly different from the control
group (p <0.01 and p < 0.05, respectively) and significantly different from each other
(*, p < 0.01, ANOVA). The thapsigargin group had been transfected with scrambled

SIRNA against Syk.
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4.2.5 Syk recruits the transcription factor STAT5

If Syk detects local Ca”* entry, it should be located at the cell periphery.
Immunocytochemical studies revealed that this was indeed the case (Fig. 4-5A). |
plotted the lateral profile of Syk across the cell and found two peaks, corresponding
to the two plasma membrane sections, with a substantial dip between them (reflecting
bulk cytoplasm; Fig. 4-5B). Enhanced green fluorescence protein is widely used to
measure the cytoplasmic distribution (157). In marked contrast to Syk, a relatively
stable and elevated profile was found when the cytoplasmic profile of enhanced green
fluorescence protein was analyzed in the same way (Fig. 4-5B and C) with no peaks
near the plasma membrane. Does Syk migrate to the nucleus after Ca®* influx? To
examine this possibility, cells were stimulated with thapsigargin and the spatial
profile of Syk was measured. Syk remained at the cell periphery with no detectable
translocation into the cytoplasm (Fig. 4-5D). An intermediary signal is therefore
needed to couple Syk to the nucleus. | tested for the involvement of a range of
downstream cascades including PKC, calmodulin, calcineurin, MEK/ERK, and JNK
pathways. Inhibition of each of these pathways had no effect on CRAC channel-
transcription coupling. Pretreatment for 20-30 min with 1 uM GO-6983 (to block
PKC), 10 uM calmidazolium (to block calmodulin), 5 uM cyclosporine (to block
calcineurin), and 50 uM AG490 (to block the JNK pathway) all failed to interfere
with thapsigargin-evoked c-fos expression (data not shown). In agreement with our
previous work, block of the MEK/ERK pathway with U0126 (10 pM; 20 min
pretreatment) failed to interfere with c-fos expression following stimulation with
thapsigargin (Fig. 4-5E). | also failed to see any phosphorylation of CREB following
CRAC channel activation, suggesting this transcription factor likewise is not involved

(data not shown). Signal transducers and activators of transcription (STAT), is a
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family of cytoplasmic transcription factors (158) that are widely expressed in immune
cells. STATs can be activated following tyrosine phosphorylation by non-receptor
tyrosine kinases (159). Phosphorylated STATSs dimerize and then rapidly translocate
to the nucleus, where they bind to enhancer elements and regulate gene expression
(159). Using an anti-phospho-specific STATS antibody, stimulation with thapsigargin
resulted in STAT5 activation within 240 s of stimulation (Fig. 4-5F; aggregate data
from three independent experiments are summarized in Fig. 4-5G), and this was fully
prevented by pretreating cells with the Syk inhibitor (Fig. 4-5G; *, p < 0.01 between
control and thapsigargin groups, ANOVA; p > 0.4 between control and
thapsigargin/Syk inhibitor groups, ANOVA). An anti-phospho-specific STAT3
antibody failed to detect activation of STAT3 following opening of CRAC channels

(data not shown). Hence, Syk recruits the transcription factor STATS.
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Figure 4-5. Syk recruits the transcription factor STATS. A, distribution of
endogenous Syk in resting RBL-1 cells, observed using immunocytochemistry. B,
aggregate data measuring the intensity of Syk fluorescence across the lateral profile
of cells is shown, measured in line scan mode (nine cells for Syk and 11 for green
fluorescent protein). C, distribution of green fluorescent protein (GFP), used as a
cytoplasmic marker, in an RBL-1 cell. D, Syk remains at the plasma membrane
following stimulation with thapsigargin. E, thapsigargin (Thap.)-evoked c-fos
expression is unaffected by blocking the MEK/ERK pathway with U0126. F,
thapsigargin promotes phosphorylation of the transcription factor STATS5, and this is
prevented by inhibition of Syk. G, aggregate data from three experiments (as in F) are

shown. The thapsigargin-stimulated group differs significantly from control (non-
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stimulated) and thapsigargin/Syk inhibitor groups (*, p < 0.01, ANOVA).
Thapsigargin/Syk inhibitor group was not significantly different from the control

(non-stimulated) one (p > 0.5).
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4.2.6 RNAI knockdown of Syk reduces ERK phosphorylation

| have recently established that Ca** microdomains near CRAC channels activate the
cytoplasmic enzymes Ca?*-dependent phospholipase A; and 5-LO via recruitment of
the MEK/ERK pathway (25). This results in the generation of the intracellular
messenger arachidonic acid, which is rapidly metabolized by 5-lipoxygenase to the
proinflammatory paracrine signal leukotriene C,4 (25,54). Do the Ca®* microdomains
couple to gene expression and ERK/cPLA,/leukotrienes by the same mechanism?
Pharmacological data implicated Syk in coupling Ca** microdomains to ERK and
CPLA; activation (54). To strengthen this, ERK activation was measured, before and
then after knockdown of Syk. Whereas thapsigargin evoked robust stimulation of
ERK in control cells (measured as ERK phosphorylation (54) after 4-min
stimulation), the extent of ERK activation was significantly reduced following
pretreatment of the cells with siRNA against Syk (Fig. 4-6A and B). Hence ERK
activation and gene expression, which occur over very different time frames, are both
triggered by local Ca** influx-mediated stimulation of Syk. However, the signalling
mechanisms then diverge in that Syk activates gene expression independent of the

MEK/ERK pathway (Fig. 4-5E).
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4.3 Discussion

cPLA; activation and gene expression, which occur over very different time frames,
are both triggered by local Ca** influx-mediated stimulation of Syk (Fig. 4-7).
However, the signalling mechanisms then diverge in that Syk activates gene
expression independent of the MEK/ERK pathway, whereas the latter is essential for
coupling Syk to cPLA,. These findings reveal the versatility of Ca** microdomains in
driving cell responses. Local Ca?* influx can simultanenously activate two spatially
and temporally distinct processes by using the same sensor, Syk. My results show that
local Ca?* influx can signal to the nucleus, several micrometres away, to activate gene
expression. This arises because CRAC channels have a privileged access to Syk,
which then activates the cytoplasmic transcription factor STAT5. Syk might detect
the local Ca®* signal directly, or a Ca®*-dependent tyrosine kinase like Pyk-2 (145)
could act as an intermediary, linking the Ca** microdomain to Syk. Such an intimate
interaction between the Ca®* channel and signal transduction to the nucleus would
greatly increase the fidelity, speed, and selectivity of excitation-transcription

coupling.
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Figure 4-7. Parallel processing of the Ca** microdomain by Syk. Local Ca** entry
is detected by Syk, which then activates two distinct signalling pathways. Syk recruits
PKC and the MEK/ERK cascade, resulting in activation of cPLA; and 5-
lipoxygenase. This generates the intracellular messenger arachidonic acid (AA) and
the proinflammatory paracrine signal LTC,; (54). At the same time, Syk
phosphorylates the transcription factor STAT5, which then migrates to the nucleus,
where it increases c-fos expression. The Ca** microdomain can therefore be processed
by Syk through two parallel pathways into the activation of temporally distinct

cellular responses.
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5.1 Introduction

The G protein-coupled receptor (GPCR) family contains more than 800 members, and
accounts for ~4% of the entire protein coding human genome (160). GPCRs activate
a plethora of cellular activities (161), ranging from rapid effects such as exocytosis
and enhanced metabolism to slowly developing, protracted responses involving gene
expression and cell growth and differentiation. Manipulating GPCR activity is an
effective therapeutic strategy for a range of diseases (162) and almost 40% of all
prescription drugs target GPCRs. A characteristic trait of most GPCRs is their ability
to develop homologous desensitization (161), where sustained exposure to the agonist
uncouples the receptor from the underlying second messenger pathway, leading to
termination of the cellular response. Receptor desensitization poses a paradox: how
can long-term responses be evoked if the receptor inactivates? This is a particularly
acute problem in immune cells, where cell differentiation and clonal selection
develops over hours in the continued presence of external cues. | have addressed this
paradox by activating cysteinyl leukotriene type | (CysLT1) receptors with the
endogenous pro-inflammatory agonist leukotriene C, (LTC4) to evoke gene
expression in mast cells, important components of both the innate and adaptive
immune system. CysLT1 receptors couple to phospholipase C, to generate inositol
1,4,5-trisphosphate (InsPs) and diacylglycerol (DAG). InsPs releases Ca?* from the
ER, and this leads to the opening of CRAC channels in the plasma membrane. DAG,
together with cytoplasmic Ca®*, activates protein kinase C. Ca*" signals following
activation of CysLT1 receptors with LTC, are oscillatory in nature (116). These arise
from regenerative Ca®" release, which is sustained by Ca®* entry (163). Local Ca**
entry through CRAC channels and not the Ca?* oscillations per se drive gene

expression (163). Desensitization of CysLT1 receptors is well-defined and is
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principally mediated by protein kinase C-mediated phosphorylation of three serine
residues (S313, S315, S316) in the carboxy terminal of the receptor (164).
Phosphorylation uncouples the receptor from phospholipase C and then leads to
receptor internalization. There is no involvement of other protein kinases or p-
arrestins (165). CysLT1 receptors are therefore an excellent model to study the

impact of receptor desensitization on slowly developing responses.
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5.2 Results

5.2.1 CysLT1 receptor activation and thapsigargin induce similar c-fos expression

despite different extents of lcrac activation

Stimulation of CysLT1 receptors with LTC, (160 nM for 8 minutes) led to robust
expression of the immediate early gene c-fos (Fig. 5-1Ai and Aii), which dimerises
with c-jun to form the AP-1 complex that regulates expression of numerous genes
important to cell growth and development. Maximal activation of CRAC channels
with thapsigargin (2 uM, 8 minutes stimulation) led to a similar increase in c-fos
expression (Fig. 5-1Ai and Aii). Both LTC, and thapsigargin induce c-fos expression
through the build-up of Ca** microdomains near open store-operated CRAC channels
because the responses to both stimuli are i) abolished by loading the cytoplasm with
the fast Ca®* chelator BAPTA but not the slow chelator EGTA (90,163), ii) are
suppressed by removal of external Ca** (90,163) and iii) are inhibited by CRAC
channel blockers (90,163). The similar increase in c-fos expression to LTC, and
thapsigargin was therefore surprising, because thapsigargin activated significantly
more Ca’* influx than LTC4 Cytoplasmic Ca®* measurements revealed that
thapsigargin led to a large, relatively sustained Ca®* increase whereas LTC,4 produced
oscillatory responses (Fig. 5-1Bi, see also refs.(90,163)) and the rate of Ca** entry,
seen following readmission of Ca®* to cells stimulated with thapsigargin or LTC, in
Ca’*-free solution, was ~ 2-fold less for LTC, than thapsigargin (Fig. 5-1Bii). This is
consistent with patch clamp recordings that showed CysLT1 receptor activation
evoked a CRAC current that was ~ 40% that elicited by thapsigargin in these cells

(116).

Various explanations were considered for why Ca”*-dependent expression of c-fos

was similar for LTC, and thapsigargin, despite agonist evoking significantly less
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CRAC channel activation. One possibility was that c-fos detection with RT-PCR
could have had a relatively narrow range, such that measurements had already
saturated with LTC,4 and thus a potential further increase by thapsigargin was masked.
Alternatively, c-fos was measured on cell populations whereas Ca?* was monitored in
single cells, and there could be variations in gene expression between the stimuli at
the single cell level. To address these issues, c-fos induction was measured at the
single cell level, using confocal microscopy to detect protein expression within the
nucleus. Cells were co-stained with the nuclear marker DAPI and a c-fos antibody
(Fig. 5-1C). Nuclear accumulation of c-fos following stimulation with LTC, or
thapsigargin was similar (Fig. 5-1C), demonstrating that both evoked comparable
levels of c-fos protein expression, when measured at a single cell level. Another
possible explanation for the similar increase in c-fos to LTC,4 and thapsigargin despite
differences in Ca** influx was that the CysLT1R tapped into a different signalling
mechanism linking CRAC channel microdomains to c-fos to that utilised by
thapsigargin. CRAC channel activation following stimulation with thapsigargin
signals to the nucleus via recruitment of the non-receptor tyrosine kinase Syk and the
cytoplasmic transcription factor STAT5S (90). CysLT1 receptors link into the same
pathway because i) pharmacological block of Syk abolished LTCy-driven c-fos
expression (Fig. 5-1Di and ii) without altering the development of the cytoplasmic
Ca’* signal (Fig. 5-1E) and ii) knockdown of Syk using an siRNA approach abolished
the ability of LTC, to activate c-fos (Fig. 5-1Fi and ii). Hence both thapsigargin and
CysLT1 receptors couple to c-fos induction via Syk. Furthermore, the results reveal
that a G protein-coupled receptor recruits non-receptor tyrosine kinases to drive

cellular responses.
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Because local Ca?* entry through CRAC channels drives c-fos expression (163), any
manoeuvre that increases the size of the Ca** microdomain should enhance
excitation-transcription coupling. | considered the possibility that local Ca** entry
through CRAC channels was larger following CysLT1 receptor activation than
thapsigargin, because the former might hyperpolarize the membrane potential and
thereby increase the driving force for Ca®* entry. Three findings argue against this.
First, application of LTCj to cells already stimulated with thapsigargin in 2 mM Ca**
(for 5 minutes) failed to increase the Ca”* signal, which would have been expected
had agonist hyperpolarised the membrane potential (AF was < 0.1 unit, following
LTC, after thapsigargin). Second, patch clamp recordings showed that the inwardly
rectifying K* current, which sets the resting membrane potential in RBL-1 cells (153),
was unaffected by LTC, (data not shown). Third, current clamp recordings showed no
difference in membrane potential between thapsigargin- and LTC,-stimulated cells (-

76 £5mV; -80 £ 4 mV).
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Figure 5-1. CysLT1 receptor activation and thapsigargin induce similar c-fos
expression despite different extents of Icrac activation. Ai, c-fos mRNA
expression is compared between control (non-stimulated), LTC,4- and thapsigargin-
stimulated cells. Aii, aggregate data from three independent experiments as in Ai are
compared. Bi, Ca** signals evoked by LTC, and thapsigargin are shown (average of
>50 cells per graph). Bii, the rate of Ca?* entry is compared for the conditions shown.
C, c-fos protein expression for the three conditions (from > 20 cells each) is
compared. Di, agonist-driven c-fos expression are suppressed by the Syk inhibitor (1
UM, 10 mins pre-treatment). Dii, aggregate data are summarised. E, the Syk inhibitor
does not alter agonist-evoked Ca?* signals. Fi, knockdown of Syk inhibits agonist-
driven gene expression. Fii, aggregate data from three independent experiments are

summarised.

82



5.2.2 There is no synergistic effect between cytoplasmic Ca®* and protein kinase C

The dual signalling hypothesis of Berridge proposes that cytoplasmic Ca** and
protein kinase C act synergistically to drive a cellular response (166). | therefore
considered that CysLT1 receptor activation of c-fos expression might involve both
Ca?* and protein kinase C, with the latter increasing the sensitivity of gene expression
to the former. To test this, | stimulated cells with thapsigargin but in the presence of
lowered external Ca** (0.5 mM:; resulting in submaximal induction of c-fos (90)) and
compared these responses with those where | simultaneously activated protein kinase
C with the phorbol ester PMA. No synergistic effect was seen (Fig. 5-2A and B). In
case another receptor-dependent protein kinase might be involved, | repeated these
experiments but used LTC, instead of PMA. Again, no increase in c-fos expression
was found (Fig. 5-2C and D). Hence the results do not support a synergistic

interaction between cytoplasmic Ca** and protein kinase C.
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Figure 5-2. No synergistic effect between cytoplasmic Ca?* and protein kinase C
occurs. A, gel comparing c-fos induction to thapsigargin (in 0.5 mM Ca®*) with
thapsigargin plus PMA (1 uM). B, aggregate data from four gels as in A are
summarised. C, c-fos induction is compared between cells stimulated with
thapsigargin (in 0.5 mM Ca®") and thapsigargin plus LTC,. D, aggregate data from

three gels are compared.
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5.2.3_Interference with protein kinase C activity impairs agonist-but not thapsigargin-

evoked c-fos expression

Experiments described in Figure 5-3 revealed an important role for protein kinase C
in agonist-evoked gene expression. Pre-treatment with the structurally distinct protein
kinase C blockers G06983 or calphostin C (both at 1 uM) abolished CysLT1
receptor-driven c-fos expression (Fig. 5-3A and B). Protein kinase C block also had a
dramatic effect on the Ca?* signal evoked by LTC,. Whereas cytoplasmic Ca 2*
oscillations were routinely observed with LTC, (Fig. 5-3C), the response was
converted into a large, single, slowly decaying Ca®* spike after protein kinase C
inhibition (Fig. 5-3C and D). The involvement of protein kinase C was specific to
CysLT1 receptors because thapsigargin-evoked c-fos expression (Fig. 5-3D and E)
and cytoplasmic Ca®* signals (Fig. 5-3F) were unaffected by either G06983 or

calphostin C.

In mast cells, overnight exposure to phorbol ester downregulates the Ca®*-dependent
protein kinase C isozymes a and . Using this protocol, c-fos expression was
substantially reduced in response to CysLT1 receptor stimulation (Fig. 5-3G and H),
whereas no significant reduction was seen when the inactive 4o-phorbol was used
instead. The Ca?* signal to LTC, was strongly altered by protein kinase C
downregulation (Fig. 5-31), and in a manner similar to that seen with the protein
kinase C blockers. Downregulation of protein kinase C had little effect on

thapsigargin-evoked c-fos expression (Fig. 5-3H).

Because agonist-evoked and not thapsigargin-driven gene expression was suppressed
by protein kinase C inhibition, | reasoned that the target for protein kinase C was

upstream of CRAC channel activation. | noticed that the agonist-evoked initial Ca**
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signal was dramatically prolonged either by protein kinase C inhibition (Fig. 5-3C
and D) or following enzyme downregulation (Fig. 5-31). Such prolongation of a Ca?*
transient is characteristic of loss of receptor desensitization, particularly for CysLT1
receptors where desensitization is mediated exclusively by protein kinase C (164) and

prevention of desensitization leads to broader Ca* signals (167).
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Figure 5-3. Interference with protein kinase C activity impairs agonist-but not
thapsigargin-evoked c-fos expression. A, block of protein kinase C with G06983 (1
UM; 10 minutes pre-treatment) suppresses LTC,-induced c-fos expression. B,
aggregate data from three independent experiments summarizes the effects of G06983
and calphostin C (1 pM; 10 minutes pre-treatment). C, the Ca®*" signal evoked by
CysLT1 receptors is altered by protein kinase C block. The left hand panel compares
two single cells. The right hand panel is the average of > 45 cells for each condition.

D, G06983 fails to alter c-fos expression to thapsigargin. E, aggregate data from four
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experiments are summarized. F, Ca®" signals to thapsigargin are unaffected by protein
kinase C block. G, downregulation of protein kinase C following chronic exposure to
PMA (1 puM, 24 hours) reduces LTC,-driven gene expression (upper panel) but not
thapsigargin-induced c-fos induction. H, aggregate data from four independent
experiments are shown. I, protein kinase C downregulation alters the LTC,-driven

Ca?* signal.
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5.2.4 CysLT1 receptor-driven gene expression can be rescued by preventing a bulk

cytoplasmic Ca’* rise

Inhibition of cysLT1 receptor desensitization is predicted to lead to greater InsP;
production and hence more extensive Ca®* store emptying. To test this, the extent of
Ca’* release was compared in the absence and then presence of protein kinase C
block. Stimulation with LTC,4 in Ca**-free external solution evoked an initial Ca?*
transient that decayed back rapidly to pre-stimulation levels within 30 seconds (Fig.
5-4A, control), and this was then followed by one or two further Ca®* oscillations of
similar duration. Although the initial Ca** spike was well-synchronised between cells,
the subsequent Ca* oscillations were out of phase and hence are not readily apparent
in the averaged Ca** signal from the whole population (Fig. 5-4A). Stimulation with
LTC, in the presence of protein kinase C block led to a much more sustained Ca®*
release event, which lasted ~ 5 times longer than the control (Fig. 5-4A). The amount
of Ca** remaining in the stores after LTC, stimulation was estimated by applying the
Ca’* ionophore ionomycin, also in Ca®*-free solution. lonomycin rapidly releases
stored Ca?* and is widely used to measure store Ca®* content (168). Substantially less
Ca’* was mobilised by ionomycin in cells that had been exposed to LTC, in the
presence of protein kinase C block than in corresponding control cells (Fig. 5-4A).
InsP3 production following CysLT1 receptor activation was measured using the GFP-
PH construct (169), which is displaced from the plasma membrane following
hydrolysis of PIP,. Whereas very little GFP-PH movement was detected in cells
stimulated with low levels of LTC,4 (presumably reflecting the small increase in InsP3
that is associated with oscillatory Ca** signals), | observed a significant increase in
GFP-PH movement to the cytosol after stimulation in the presence of protein kinase

C blockers (Fig. 5-4B). Collectively, these results would be entirely consistent with
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the view that less receptor desensitization has taken place following inhibition of
protein kinase C and this leads to more extensive InsP; production and Ca?* release.

Cytoplasmic Ca*" inhibits CRAC channels through three independent mechanisms
(28): 1) fast inactivation, which occurs with time constants of ~ 10 and ~ 100
milliseconds, and arises from the build-up of Ca®* microdomains in the vicinity of
open channels; ii) slow inactivation, which develops over several tens of seconds and
requires a rise in bulk Ca** and iii) Ca**-dependent store refilling, which develops
over several seconds and also requires a rise in bulk Ca?*. The sustained Ca*" release
signal evoked by LTC, in the presence of non-desensitizing receptors should
therefore inactivate CRAC channels, and thus suppress agonist-evoked gene
expression. If this is indeed the case, then loading cells with a Ca** chelator will
prevent the loss of gene expression. Loading the cytoplasm with the slow Ca*
chelator EGTA rescued gene expression to cysLT1 receptor activation in the presence

of either G06983 (Fig. 5-4 Ci and Cii) or calphostin C (Fig. 5-4Di and Dii).
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Figure 5-4. CysLT1 receptor-driven gene expression can be rescued by
preventing a bulk cytoplasmic Ca?* rise. A, Stimulation with LTC, in the presence
of G06983 evokes a more sustained Ca** release response, and this leads to more
extensive store depletion (measured through the Ca®" response evoked by 1 pM
ionomycin). Both LTC,4 and ionomycin were applied in Ca**-free external solution. B,
Cytosolic GFP-PHD levels, a measure of ambient InsP3 levels, rise when CysLT1
receptors are stimulated in the presence of G06983 indicating a loss of receptor
desensitization. Ci, Loading cells with the Ca** chelator EGTA prevents loss of gene

expression to agonist when protein kinase C is blocked. Cii, Aggregate data from 5
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independent gels are summarised. Di, as in Ci, but calphostin C was used to block

protein kinase C instead. Dii, aggregate data from 3 independent gels are summarised.
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5.2.5 Ca**-dependent slow inactivation underlies the suppression of c-fos expression

to non-desensitizing cysLT1 receptors

Because Ca’* mobilisation following CysLT1 receptor activation was increased by
protein kinase C block and store content was reduced (Fig. 5-4A), the inhibitory
effects of cytoplasmic Ca* are not mediated through enhanced Ca?*-dependent store
refilling. Similarly, Ca**-dependent fast inactivation of CRAC channels is unlikely to
contribute because i) it is unaffected by the slow chelator EGTA (111,170), which
reversed the inhibitory effects of protein kinase C block and ii) the rate and extent of
fast inactivation was unaffected by cysLT1 receptor activation in the presence of
protein kinase C down regulation (Fig. 5-5A). Instead, Ca®*-dependent slow
inactivation is likely to be the dominant mechanism for several reasons: i) it is
suppressed by EGTA (73,74) and c-fos expression is rescued by loading the
cytoplasm with EGTA,; ii) the Ca®*-dependence of slow inactivation has a Kp of ~0.5
1M and full block occurs at ~ 1 pM (Fig. 5-5B), which is similar to the peak Ca?* rise
evoked by LTC, in the presence of protein kinase C inhibitors or following
downregulation of protein kinase C (0.87 + 01 pM); iii) Ca®*-dependent slow
inactivation develops with a time course similar to the duration of the prolonged Ca®*
rise seen to LTC, following loss of protein kinase C activity (73,74). Although Ca?*
release to LTC, in the absence of protein kinase C blockers reaches a similar extent, it
is the prolonged duration of the Ca®* release signal in the presence of protein kinase C
block that enables slow inactivation of CRAC channels to develop. Patch clamp
experiments described in Figure 5-5D provide further evidence for the recruitment of
the Ca’*-dependent slow inactivation mechanism by sustained CysLT1 receptor-
evoked Ca’" release. The development of Icrac to thapsigargin (in the presence of
weak Ca’* buffer in the patch pipette solution) was compared between cells
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stimulated with LTC, immediately prior to break in with those exposed to LTC, in
the presence of impaired protein kinase C activity. If the sustained Ca*" release
evoked by non-desensitizing receptors that occurs in the absence of active protein
kinase C inhibits CRAC channels, then a smaller current should be evoked by
thapsigargin. This was indeed the case (Fig. 5-5D), although there was some
variability in the kinetics of Icrac development and overall extent of the current. This
may reflect the time of LTC, exposure prior to the onset of whole cell recording and
that some thapsigargin leaked into the cell during cell-attached state. However no
inhibitory effect was seen when this protocol was repeated on cells dialysed with a
strongly buffered Ca®*-containing pipette solution (140 nM free Ca®*, 10 mM total
EGTA, Fig. 5-5E), which suppresses Ca**-dependent slow inactivation of CRAC
channels (73). Another protocol was designed to test further for an involvement of
Ca’*-dependent slow inactivation in inhibiting gene expression to non-desensitizing
receptors. | reasoned that an increase in the time between the termination of Ca®*
release and subsequent store-operated Ca”* entry should enable some recovery of
Ca’*-dependent slow inactivation to take place and this should partially rescue gene
expression. | therefore stimulated cells with LTC,4 in Ca?*-free solution and then
readmitted external Ca?* 5 minutes after the Ca** signal had returned to resting levels.
Robust c-fos expression was induced (Fig. 5-5F). Strikingly, significant gene
expression also occurred in cells stimulated with LTC,4 in the presence of either
calphostin C or after downregulation of protein kinase C (Fig. 5-5F). Hence allowing
CRAC channels time to recover from Ca®*-dependent inactivation results in rescue of

agonist-driven gene expression.
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Figure 5-5. Ca**-dependent slow inactivation underlies the suppression of c-fos
expression to non-desensitizing CysLT1 receptors. A, Ca?*-dependent fast
inactivation was unaffected by CysLT1 receptor activation in the presence of
downregulation of protein kinase C. B, the dependence of Ca”*-dependent slow
inactivation on pipette Ca®* concentration is shown. The Kp for 50% inactivation was
~ 0.5 mM. C, Increasing the time interval between Ca”* release and subsequent Ca?*
entry results in partial recovery of store-operated Ca®* entry. The inset shows the
prolongation of Ca”* release under these conditions. D, Patch clamp experiments
revealed that stimulation of non-desensitizing receptors with LTC,4 prior to break-in
significantly reduced the size of Icrac that developed in response to dialysis with
thapsigargin in weak buffer (0.2 mM EGTA). CysLT1 receptor stimulation had no
inhibitory effects when applied to cells in which protein kinase C had not been
downregulated. E, as in C, but now cells were dialysed with a pipette solution
containing strong Ca®* buffer (10 mM EGTA, 140 nM Ca?*). Under these conditions,
non-desensitizing receptors failed to impair activation of Icrac to thapsigargin. F, c-
fos expression occurs to agonist, despite protein kinase C block, when Ca?* entry is
initiated several minutes after Ca** release has reached completion. In these
experiments, cells were stimulated with LTC,4 in Ca®*-free solution, and then external
Ca’* was readmitted 5 minutes after the Ca®" signal has returned to resting levels.
Gene expression was measured after 5 minutes of continuous Ca?* entry (followed by

30 minutes in Ca**-free solution).
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5.2.6 c-fos expression has high sensitivity to Ca?* influx and is a high gain system

Despite evoking a smaller CRAC current, LTC, is as effective as thapsigargin in
activating c-fos. This is because gene expression has high sensitivity to local Ca?*
entry. Stimulation with concentrations of thapsigargin that caused submaximal Ca?*
entry (Fig. 5-6A) led to prominent c-fos expression (Fig. 5-6B). 100 nM thapsigargin
was ~ half as effective as 2 uM thapsigargin in activating CRAC channels but evoked
as much c-fos expression as the higher concentration (Fig. 5-6A and B). This high
sensitivity to Ca?* entry can be seen in Figure 5-6C, which shows c-fos expression in
response to LTC4 or 0.1 uM thapsigargin is as high as that evoked by 2 uM
thapsigargin, despite considerably smaller Ca®* signals (amplitude and duration;
measured as the integrated area under the curve). Another important finding was that
c-fos expression occurred in response to brief Ca®* entry: transient stimulation for just
2 minutes was sufficient for subsequent gene expression. Both thapsigargin and LTC,
activated c-fos with time-constants of ~ 2.5 minutes and with initial slopes of ~35%
of maximal gene expression per minute (Fig. 5-6D and E). A final principle to emerge
is that gene expression to agonist has high gain. The relationship between c-fos
expression and Icrac amplitude was very steep (Fig. 5-6F), with an increase in gene
expression of ~5% of maximum per 1% increase in the size of lcrac. Ca 2
microdomains near CRAC channels therefore impart high fidelity (due to the high
sensitivity), rapidity and amplification, ensuring efficient gene expression to bursts of
CRAC channel activity following physiological levels of receptor stimulation. These
features enable long-term gene expression to occur despite reversible receptor

desensitization.
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Figure 5-6. c-fos expression has high sensitivity to Ca* influx and is a high gain
system. A, comparison of Ca®" signals to 0.1 and 2 puM thapsigargin. B. effects of
different concentrations of thapsigargin on c-fos expression. Note 0.1 and 2 uM
thapsigargin give similar gene expression despite substantially different Ca®* signals.
C, the graph plots the extent of c-fos expression (normalised to the response in
thapsigargin in 2 mM external Ca**, which is taken as the maximal response) versus
the Ca’* signal, integrated over 8 minutes. D, kinetics of c-fos expression following
stimulation with thapsigargin for different times. E, Kinetics of c-fos expression
following stimulation with LTC, for different times. In D and E, cells were exposed
to stimulus in 2 mM Ca** solution for the times indicated, and then perfused in the
absence of stimulus in Ca**-free solution for 30 minutes prior to RNA extraction. F,
relationship between c-fos expression and Icrac activity. c-fos expression to LTC,
was measured in different external Ca?* concentrations and this was plotted against

lcrac amplitude, measured in the different Ca?* concentrations. Gene expression in 2
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mM external Ca?* and the size of lcrac in 10 mM Ca®* were taken as the respective
maxima. Gene expression did not increase further in 5 mM Ca®". The initial slope

showed a gain of ~ 5.
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5.3 Discussion

Collectively, my findings reveal a novel and counter-intuitive function for receptor
desensitization. Rather than terminating a response, homologous receptor
desensitization is essential for maintaining excitation-transcription coupling.
Desensitization of CysLT1 receptors is mediated principally by protein kinase C-
dependent phosphorylation of a series of seine residues in the carboxy terminus (164).
Prevention of receptor desensitization through either acute block or degradation of
protein kinase C led to a loss of Ca?*-dependent gene expression, despite potentiation
of Ca?* release. Mechanistically, the prolonged Ca** release phase accelerated Ca?*-
dependent slow inactivation of CRAC channels, resulting in loss of Ca®* entry.
Because Ca’* microdomains near open CRAC channels drive c-fos expression
through recruitment of Syk and the STAT transcription factors, the decline in CRAC
channel activity abolishes excitation-transcription coupling. The interval between
Ca®* oscillations following CysLT1 receptor activation is ~ 25 seconds (163).
Because InsP3 has a short half-life in the cytoplasm (~ 1 second) (171), store refilling
will occur quickly and CRAC channel activity will be transient following cysLT1
receptor stimulation. The short duration of Ca*" entry, determined by receptor
desensitization, will ensure Ca**-dependent slow inactivation does not develop, since
this inhibitory mechanism requires a sustained Ca*" rise for several seconds. It is
therefore the Kinetics of receptor desensitization and recovery from desensitization
that ensures bursts of store-operated Ca’* entry occur that are sufficient for the
activation of c-fos expression, without the build-up of the Ca®*-dependent slow
inactivation pathway that would abolish the response. Thapsigargin evokes much
smaller and more sluggish Ca*" release, which is not sufficient to trigger Ca?*-

dependent slow inactivation of the CRAC channels.
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6.1 General discussion

CRAC channels play an important, and in some cell types including T lymphocytes
and mast cells, a non-redundant role in driving fundamental cellular responses.
Patients with a single point mutation in Orail (R91W) exhibited a range of clinical
phenotypes including severe combined deficiency, skeletal muscle myopathy, and
ectodermal dysplasia (31,32). The patients died within a few years of birth due to a
high susceptibility to infections. The R91W mutant trafficks normally and is
expressed in the plasma membrane, but is not functional. It acts as a dominant

negative subunit.

The Orail channel knockout mouse has been made by two groups, and the mouse
showed several characteristics including defective immune cell development, growth
retardation, insensitivity to subcutaneous anaphylactic response (indicating an
inability to develop mast cell-triggered allergy), hair loss and eyelid irritation
(85,172). A limitation with animal knockout studies is that other proteins might
compensate for the loss of Orail, at least partially. Interestingly, in fibroblasts taken
from the SCID patients, transient transfection with either Orai2 or Orai3 failed to
rescue store-operated Ca®* entry (172). Hence in some cell types, Orail appears to
have a non-redundant role. An interesting paradox nevertheless arises. As Orail is
widely distributed, why are the phenotypes in both the SCID patients and knockout
mice so restricted? One possibility is that other, presumably non-store-operated
channels are upregulated. These could include VOCCs and TRPCs. Interestingly,
knock down of STIM1 abolishes store-operated entry but increases activity of
VOCCs (173,174). This is because STIM1 simultaneously activates Orail whilst
inhibiting VOCCs. Hence loss of Orail could upregulate other non-store-operated

Ca’* permeable pathways.
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A complimentary approach to animal knockout mice is to knockdown transiently
Orail expression using an RNAI approach. Such studies shown CRAC channels
directly regulate a range of cellular responses from exocytosis to gene regulation
(175). CRAC channels are particularly important in mast cells, where they drive both
rapid responses (including secretion of histamine and ATP, synthesis and secretion of
pro-inflammatory leukotriene C,) and slower ones (developing over hours) that
involve expression of genes that help coordinate and sustain the inflammatory
response (176). These genes include chemokines such as TNF-o and cytokines

including IL-2, IL-4, and IL-13.

The results in this thesis add to our understanding of CRAC channel function in mast
cells, using the well established RBL-1 cell line as a model system. In Chapter 3, |
show that stimulation of RBL cells with a physiological trigger (antigen) generates a
positive feedback cycle that sustains mast cells activation. Engagement of FCeRI
receptors leads to receptor phosphorylation by the tyrosine kinase Lyn, and the
phosphorylated tyrosine recruits and activates the non-receptor tyrosine kinase Syk.
Syk activation stimulates PLCyl, leading to InsP3 production, store depletion and
subsequent CRAC channel opening. Unexpectedly, | found that sustained Syk activity
required Ca®* entry through CRAC channels. Following stimulation of antigen
receptors, Syk activity was reduced significantly following removal of external Ca?*,
block of CRAC channels with Synta or by knockdown of Orail. Ca®" regulation of
Syk was local, because it was unaffected by the fast Ca®* chelator BAPTA. Since
receptors and TRPC channels can cluster together, it seems likely that FCeRI-
associated Syk and Orail co-localize. Indeed, immunocytochemical studies reveal
that Syk is located at the plasma membrane and might form puncta analogous to

Orail/STIML1 after store depletion. Future work attempting co-immunoprecipitation
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(co-IP) of Orail and Syk or FRET analysis between the two proteins would test this
idea more directly. Ca?* microdomains near open CRAC channels fail to activate Syk
unless antigen receptors have been stimulated. Either the Ca®*-dependence of Syk is
imparted by prior binding to FCeRI receptors or an additional signal from the
receptors is needed for the Ca®* dependence of Syk. Regardless, had | only used
thapsigargin as a stimulus then | would have missed this form of Syk regulation. My
results reinforce the importance of carrying out receptor-driven activation rather than
simpler stimulation protocols. My findings reveal a novel positive feedback step that
sustains activation on an individual cell basis. Antigen receptors activate PLCy1 and
generate InsP3; via Syk. This leads to store depletion and subsequent activation of
CRAC channels. Local Ca** entry near the open CRAC channels maintains activation
of Syk, thus sustaining InsP3; production, store depletion and open probability of the
CRAC channels. The physiological importance of this mechanism is that it enables
CRAC channels to maintain their own activity. Although antigen receptors produce
InsP3, the elevation is small in comparison with G-protein coupled receptors. Hence
boosting InsP; production by CRAC channels would ensure InsP3 levels are

sustained, and at a level sufficient to support CRAC channel opening.

An important consequence of CRAC channel opening is activation of gene
expression. Chapter 4 describes how Ca®* microdomains near CRAC channels signal
to the nucleus to upregulate that immediate early gene c-fos, an important component
of the AP-1 complex that regulates many immune cell genes. Local Ca®* entry was
relayed to the nucleus via the non-receptor tyrosine kinase Syk and then STATS.
Activation of cPLA; and 5-LO were also driven by local Ca** signals and a central
early step in this pathway involves Syk. Hence, Syk senses Ca?* microdomains and

relays the signal down parallel routes. One involves the PKC, MEK/ERK pathway,

103



leading to leukotriene production and the other signals to the nucleus via STATS.
Hence Ca?* microdomains can activate spatially and temporally distinct responses via
Syk. It will be interesting in future work to design experiment to see if the same
microdomain activates both pathways simultaneously or whether different
microdomains tap into different pathway. It is tempting to speculate that different
STIM1/Orail puncta, each of which contains numerous CRAC channels, might

recruit different Ca®* sensors, thereby having different functional effects.

Stimulation of endogenous cell surface CysLT1 receptors with low levels of LTC,
that evoke Ca®* oscillations also leads to expression of c-fos and through a
mechanism involving Ca?* microdomains near CRAC channels and Syk, as described
in Chapter 5. Despite evoking less Ca®* entry, agonist was as effective as thapsigargin
in driving gene expression. This was found to reflect a high sensitivity of gene
expression to local Ca** entry. Submaximal CRAC channel activation evoked robust
gene expression. A major role for PKC was revealed using both pharmacology and
protein downregulation. The involvement of PKC was specific to the agonist pathway
and did not involve an increase in sensitivity of gene expression to Ca®*. Rather, the
effect was pinpointed to receptor desensitization. It has been well established that
CysLT1 receptors desensitize following PKC mediated phosphorylation of three
serine residues in the receptor carboxy tail (164). Phosphorylation initially uncouples
the receptor from PLC and then, after several minutes, results in endocytosis of the
receptor (164). Consistent with this, 1 found that loss of PKC activity increases
CysLT1R-dependent InsP; production, Ca** release and store depletion.
Paradoxically, this leads to less gene expression. The molecular mechanism
underlying this reflects Ca®*-dependent slow inactivation of the CRAC channel, due

to the prolonged Ca?* release by InsPs. The findings suggest receptor desensitization
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might actually serve to sustain gene expression rather than terminate it. CysLT1
activation produces a series of repetitive Ca** oscillations. Each oscillation lasts
around 10s-15s and the interspike interval is approximately 30s. The transient
duration of the spike and the relatively large interval between oscillations may help
ensure what little Ca**-dependent inactivation that occurs during the spike reverses
within the interpulse period. Loss of this pattern results in sustained Ca*" release and
subsequent inactivation of the CRAC channels. Future works should address the
specific identity of the PKC isoforms involved in receptor desensitization, whether
other CysLT1R-dependent responses in mast cell are also affected in this way and if

the principle developed in Chapter 5 is applicable to other receptors.
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