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Membrane Spanning 4A Gene Family Expression and Function in Human
Mast Cells

ABSTRACT

Mast cells are major effector cells of allergic and inflammatory disease. Thus
understanding mechanisms of mast cell biology are of great interest to cell
biology research. This study aimed to identify the expression and function of a
newly identified gene family, the MS4A family, in human mast cells. This study
identified 8 gene variants expressed in mast cells including 2 novel variants. All
of the expressed genes were cloned and GFP and adenoviral constructs were
generated. Quantitative RT-PCR demonstrated that all expressed gene variants
were differentially regulated by mast cell stimulation with IgE, IgE/anti-IgE and
stem cell factor (SCF) suggesting roles in mast cell biology. Transfections
demonstrated that most proteins were trafficked to the cytoplasmic membrane,
but some were trafficked to the nuclear membrane. This intracellular localisation
of the MS4A family may be critical for their function. This was exemplified in this
study by the function of a novel truncation (MS4A2..) of MS4A2 (the beta
chain of FceRIl). MS4A2,.,.c was trafficked to the nuclear membrane, whereas
MS4A2 was trafficked to the cytoplasmic membrane. Overexpression of MS4A2
using adenoviral transduction had no apparent effect on mast cell survival or
proliferation. However, overexpression of MS4A2,,,,. profoundly inhibited mast
cell proliferation and induced apoptosis via G, phase cell cycle arrest. The
removal of SCF from mast cell cultures upregulated the expression of
MS4A2;nc. In addition, the slowly replicating primary human lung mast cells,
and the mast cell line LAD-2 expressed MS4A2;.,.. However, | was unable to
demonstrate expression of MS4A2,,.c in the rapidly replicating c-KIT gain-of-
function mutated mast cell line HMC-1. Thus loss of expression of MS4A2;nc
may be an important step in the development of mast cell neoplasia. This study
has identified an entirely novel function for the MS4A2 gene and has opened
numerous avenues for future research on the MS4A family.
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CHAPTER 1: INTRODUCTION




1.1 INTRODUCTION

Since their discovery over a century ago, the role of mast cells in human
pathophysiology has been the subject of much debate. Mast cells are
ubiquitous throughout connective tissues and mucosal surfaces, particularly at
the interface with the external environment such as the skin, respiratory tract
and gastrointestinal tract. At these sites they are well placed and well-equipped
to deal with a multitude of tissue insults. Mast cells contribute to the
maintenance of tissue homeostasis with examples including roles in wound
repair "2 revascularisation ®, and protective roles in acquired and innate
immune responses to bacterial infection “. They are also implicated in many
diverse diseases such as asthma and related allergies, pulmonary fibrosis,
connective tissue disease, multiple sclerosis and atherosclerosis. Mast cells can

therefore be considered to represent a double-edged sword.

1.2 MAST CELL BIOLOGY

1.2.1 Mast Cell Development

Mast cells derive from pluripotent haematopoietic stem cells in the bone marrow
(Figure 1.1). Mast cell-committed progenitors are released into the systemic
circulation as agranular, undifferentiated, CD34* mononuclear cells which then
migrate into their destination tissue where they terminally differentiate (mature)
under the influence of the local cytokine milieu (for review of mast cell ontogeny
see ). In addition, interactions with the cell matrix and resident cells such as

fibroblasts profoundly alters their phenotype ®'"). The vital growth factor for




mast cells is the stromal cell and fibroblast-derived cytokine, stem cell factor
(SCF)"2_ Previously known as steel factor, SCF is the ligand for the receptor
tyrosine kinase CD117, encoded by the proto-oncogene c-kit '®. SCF exists as
both a cell membrane-bound protein and a soluble protein which can be
detected in the blood . The activation of c-kit by SCF is vital for the growth
and survival of mast cells which undergo apoptosis on SCF withdrawal ). Mast
cells can also undergo apoptosis in the presence of SCF since they have been
found to have tumour necrosis factor-related apoptosis inducing ligand (TRAIL)
receptors which initiate apoptosis '®). Activation of c-kit on mast cells regulates
expression levels of c-kit ", induces immature cell proliferation, promotes
chemotaxis and suppresses apoptosis thus enhancing survival and promoting
recruitment and growth ('®. The activation of c-kit also has a regulatory role in
mast cell activation. At 10 ng/ml it potentiates IgE-dependent mast cell mediator

and cytokine release, while at 100 ng/ml it directly activates the cells (%29

SCF is the critical growth factor responsible for mast cell growth and
differentiation in humans. Mast cells will grow in vitro with SCF as the only
exogenous factor although the cells remain immature and are predominantly of

@) However, cells that are grown in

the tryptase-only (MCt) phenotype
suspension culture in a medium supplemented with serum, SCF, and IL-6 are
more mature in terms of their nuclear morphology and granular structure but
remain as the MCt phenotype 3" Cells grown on a fibroblast or endothelial
cell monolayer have a tryptase® chymase® (MC+c) phenotype and resemble skin

mast cells 333 |n addition, bone marrow- derived mast cells (BMMC) and

umbilical cord blood-derived mast cells (CBMC) grown in conditioned medium




from a cell strain derived from a patient with systemic mastocytosis together
with SCF yielded fully mature cells containing chymase only (MC¢c phenotype)
®9). These observations suggest that factors other than SCF are required for
complete mast cell maturation. The phenotypic differences could be due, in
part, to the presence of IL-4 which dramatically increases chymase expression
in CBMC ©°_ It is also possible that the expression of chymase is part of a

maturation pathway with MCt phenotypes maturing into MC+c phenotypes 2.

There are co-factors that can enhance or inhibit the effects of SCF, which
appear to be dependent upon the origin of the mast cells ©®. Nerve growth
factor (NGF) ©7, IL-3, IL-6, IL-9, IL-10 %838 and thrombopoietin enhance SCF-
dependent mast cell growth. Conversely, granulocyte macrophage-colony

stimulating factor (GM-CSF) ©9 retinoids, interferon y (IFNy) and transforming

growth factor B (TGF-B) inhibit the growth and differentiation of mast cells “°.
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FIGURE 1.1: Ontogeny of mast cells. Mast cells originate from pluripotent
hematopoietic stem cells in the bone marrow. They enter the bloodstream as
mast cell-committed CD34+ progenitor cells. Mast cells differentiate after tissue

recruitment within the tissue itself, which accounts for much of their

heterogeneity. For more details, see text.



1.2.2 Mast Cell Heterogeneity

Tissue-dependent influences result in marked heterogeneity of mast cells
across species, between different organs, and even within the same organ. This
heterogeneity is evident in terms of their structure, mediator content,
immunological and non-immunological activation, and pharmacological
responsiveness (Table 1.1) (Reviewed by “"). Rodent mast cells were
originally classified according to the histochemical staining properties of their
granules and their most common location “?. Using this nomenclature, safranin
positive, alcian blue negative rodent mast cells are mostly associated with the
submucosal tissues, and thus called connective tissue mast cells (CTMC);
safranin negative, alcian blue positive rodent mast cells are predominantly
mucosal and termed mucosal mast cells (MMC) (Table 1.1). This differential
staining is due to the proteoglycan content of the granules. Rodent CTMC
produce the highly sulphated glycosaminoglycan heparin, while rodent MMC
produce chondroitin sulphate “¥. This classification does not work in humans
due to the fact that all human mast cells contain heparin 4 which is essential
for the stabilisation of the B-tryptase tetramer “%. Thus human mast cells are
classified according to their protease content. There are mast cells which
contain tryptase only (MCry) that are usually situated in mucosal tissue, and may
be functionally associated with the immune system and host defence “®. There
are also tryptase, chymase, carboxypeptidase A and cathepsin G containing
mast cells (MC+c) (Table 1.1), which are normally situated in the skin and
submucosal connective tissue, and are proposed to be involved in tissue repair,
fibrotic reactions and angiogenesis “’“®. There are also reports of mast cells

containing chymase and carboxypeptidase (MCc) without tryptase “%*" which




vary in location, and whose function has yet to be elucidated. The heterogeneity
of mast cells also extends to their cytokine content. The expression of IL-4 and
IL-13 is predominantly in MCrc whilst IL-5 and IL-6 are almost exclusively in

MCr “®%2 again suggesting distinct roles for these phenotypes.




TABLE 1.1: Mast cell sub-type characteristics

Characteristics

Protease Content

Proteoglycan
Content

Predominant granule
patterning evident
with electron
microscopy

Common Location

Staining
Characteristics
Suggested Primary
Role

Relative Histamine
Content

Relative Leukotriene
C4release

Relative
Prostaglandin D2

release

Cytokine Profile

Activated by antigen

Activated by
substance P
Responds to C5a

Inhibited by sodium
cromoglycate

Rodent Mast Cells

MMC

Chymase (rat

mast cell
protease 2)

Chondroitin
sulphate

Mucosa

Alcian Blue +

Host defence

Low

High

Low

Yes

No

No

CTmMC

Chymase (rat

mast cell
protease 1)

Heparin

Submucosal
tissues

Safranin +

Tissue repair

High

Absent

Low

Yes

Yes

Yes

Human Mast Cells

MCT

Tryptase

Heparin

Scroll

Epithelium

Safranin +

Host defence

Low

High

High

IL-4 (low)
IL-5 (High)
IL-6 (High)
IL-13 (low)
Yes

No

No

Yes (weak
effect)

MCTC

Tryptase
Chymase
Carboxypeptidase
Cathepsin G

Heparin

Lattice

Lamina propria,
connective tissue
and skin

Safranin +

Tissue repair

High

Skin low

Skin high

IL-4 (High)

IL-13 (High)

Yes

Yes

Yes

No



1.2.3 General Morphology and Biology

Despite the heterogeneity of mast cells, their general morphology is similar
regardless of the tissue site they reside in. Ultrastructurally, the cell membrane
contains finger-like projections, and while immature mast cells may have a
multi-lobed nucleus, mature cells have a mono-lobed nucleus with no apparent
nucleoli and little condensed chromatin. They have few mitochondria and
ribosomes, as well as an inconspicuous Golgi apparatus, scant rough
endoplasmic reticulum (RER), and in contrast to basophils, a lack of
cytoplasmic glycogen aggregates (Reviewed by ©¥). In fact, the only
cytoplasmic structures that are prominent are the electron dense granules.
Unusually, mature human mast cells have ribosomes closely associated with
these secretory granules, and little association between ribosomes and RER
%4 This suggests that the secretory granules play a significant role in
ribonucleic acid (RNA) metabolism in human mast cells. The granules are
membrane bound and contain preformed mediators, while dense lipid bodies
are a store of arachidonic acid. The membrane bound secretory granules
contain crystalline structures that resemble scrolls, lattices, crystals or whorls
®3) These structures are more visible in MCt subtypes as the shear volume of
protease in the MCyc subtype masks their appearance. Despite this, electron
microscopy can show that MCt granules contain predominantly scroll patterns

and MCrc granules contain predominantly lattice patterns (Table 1.1)®.

Mast cells have basophilic cytoplasm which stains pink when using Wright's or
May-Grunwald’s Giemsa, with a purple/blue nucleus and blackish granules.

Mast cells can have an irregular shape in tissues but can be identified by




selective staining using cationic dyes (such as aniline dyes) that bind to
sulphated glycosaminoglycans (GAGs) specific to the mast cell granules. Using
stains that utilise the anionic property of the mast cell granules to identify their
presence is a useful tool. However, in humans the most effective way to identify
the location and subtype of mast cells histologically is to wuse
immunohistochemistry with antibodies raised against the mast cell specific

enzymes tryptase and chymase .

The proteoglycans of the granules are the backbone of the granule matrix. They
are a long single peptide with GAGs attached. In human mast cells, the
proteoglycan content of the granules is mainly heparin and chondroitin E.
Neutral proteases, acid hydrolases and histamine molecules are attached to the
proteoglycans by ionic linkage to the sulphate groups on the GAGs ©”. The
sulphate groups generate an acidic environment within the granules which
maintains the mediators in an inactive state ©®®. IgE-dependent activation of the
mast cell induces granule swelling, crystal dissolution, granule fusion, both with
surrounding granules as well as the cell membrane, followed by exocytosis with
release of mediators into the extracellular space ©%. This process is termed
compound exocytosis, or anaphylactic degranulation. Once in the extracellular
space, the neutral pH activates the mediators 9. However, in many diseased
tissues including asthmatic bronchial mucosa, the ultrastructural appearance of
mast cells typically demonstrates piecemeal degranulation ©'®% in which there
is variable loss of granule contents although the granules and their membranes
remain intact. The mechanisms leading to piecemeal degranulation in mast

cells are poorly understood and require further research. The effects of




TABLE 1.2: The classical human mast cell mediators and their biological
effects

Preformed Effects

Histamine Bronchoconstriction; tissue oedema; mucus secretion;
fibroblast proliferation; collagen synthesis; endothelial
proliferation,dendritic cell activation

Heparin Anticoagulant; storage matrix for mast cell mediators;
fibroblast activation; protects growth factors from degradation
and potentiates their action; endothelial cell migration

Tryptase Generates C3a and bradykinin; degrades neuropeptides;
increases BHR; indirectly activates collagenase; fibroblast
proliferation and collagen synthesis; bone remodelling,
epithelial activation, potentiates mast cell histamine release

Chymase Mucus secretion; extracellular matrix degradation, type I pro-
collagen processing, converts angiotensin I to angiotensin I,
inhibits T cell adhesion to airway smooth muscle, activates IL-

ip, degrades IL-4, releases membrane-bound SCF.

Newly generated

pgd: Bronchoconstriction; tissue oedema; mucus secretion;
dendritic cell activation; chemotaxis of eosinophils, Th2 Tcells
and basophils via the CRTH2 receptor

LTC4/D4 Bronchoconstriction; tissue oedema; mucus secretion;
enhances IL-13-dependent airway smooth muscle
proliferation; dendritic cell maturation and migration;
eosinophil IL-4 secretion, mast cell IL-5, IL-s and TNFa
secretion; tissue fibrosis



TABLE 1.3: In vitro biological effects of human mast cell cyto'kines

Cytokine

IL-4

IL-3, IL-5, and
GM-CSF

IL-6

IL-13

IL-16

TNFa

SCF

NGF

TGFp

basic FGF

Target cells
B cells

T cells
Vascular endothelial
Monocyte/macrophages

Eosinophils
Fibroblasts

Mast cells

Eosinophils

B cells
T cells

Mast cells

B cells
Monocyte/macrophages
Eosinophils

Vascular endothelial

T cells
Monocyte/macrophages

T cells

Neutrophils
Eosinophils

Mast cells

Vascular endothelial

Fibroblasts

Mast cells

Mast cells

B cells

T cells

Eosinophils

Basophils

Neutrophils
Monocyte/macrophages
Fibroblasts

Smooth muscle cells

Smooth muscle cells
Epithelial cells
Endothelial cells

Fibroblasts
Vascular enodthelial

Biological effects

IgE production; proliferation; MHC class 1I, CD40, and
CD25 expression; IL-6 production

Proliferation; induction of TH2 cell phenotype

1 VCAM-1 and 4 ICAM-1 expression; proliferation

{ generation of H,0, and O,.,  parasite killing and

{ tumouricidal activity; ¥ IL-1, -6, -8, and TNFa
production.

+ MHC class 11 and CD23 expression; monocyte —»
macrophage differentiation; 15-lipoxygenase expression
Transendothelial migration

Proliferation, chemotaxis and matrix protein secretion;
1 ICAM-1 expression

1 FceRI expression, TICAM-1 expression

Growth, adhesion, transendothelial migration,
chemotaxis, activation, and prolonged survival.

Immunoglobulin secretion including T IgE synthesis
Growth, differentiation and activation

Airway glandular Mucus secretion

Survival

IgE synthesis

As for IL-4
Activation, T survival
1 VCAM-1

Chemotaxis

Enhanced cytotoxicity; chemotaxis and prolonged
survival

Class II antigen and IL-2R expression; proliferation
Chemotaxis, enhanced cytotoxicity

Enhanced cytotoxicity and oxidant production
Histamine and tryptase secretion

E-Selectin, ICAM-1, and VCAM-1 expression.
Adhesion and transendothelial migration of most
leucocytes.

Growth and chemotaxis; ¥ collagen synthesis but T
Airway glandular mucus secretion

Growth, differentiation, survival, chemotaxis

Differentiation, survival, activation, mediator release
Differentiation, proliferation, Ig synthesis
Differentiation, proliferation

Proliferation

Activation, mediator release

Chemotaxis, survival, mediator release

Proliferation, mediator release

Migration, contraction

Migration, contraction, proliferation

Differentiation, activation
Inhibition of proliferation
Induces angiogenesis

Proliferation
Stimulates angiogenesis




TABLE 1.4: In vitro biological effects of human mast cell chemokines

Chemokine Target cells Biological effects
CCL1 T cells Chemotaxis (Selective for Th2), survival?
CCL2 T cells T cell polarisation towards Th2 phenotype,
Mast cells Chemotaxis
Eosinophils Chemotaxis
Monocytes Chemotaxis
Fibrocytes Chemotaxis
Epithelial cells Proliferation, chemotaxis
Basophils Activation, mediator release
CCL3 Macrophages Differentiation
Neutrophils Chemotaxis (in vivo) and cytotoxicity
Eosinophils Chemotaxis
Monocytes Chemotaxis
Mast cells Activation, mediator release
Basophils Activation, mediator release
T cells Chemotaxis (selsctive for Thl),
polarisation towards Th1 phenotype
CCL4 Eosinophils Chemotaxis
Neutrophils Chemotaxis (in vivo)
T cells Chemotaxis (selsctive for Thi),
polarisation towards Th1 phenotype
CCLS Mast cells Chemotaxis?
Eosinophils Chemotaxis
Monocytes Chemotaxis
T cells Chemotaxis (selsctive for Thl),
polarisation towards Th1 phenotype
CCL7 Eosinophils Chemotaxis
Monocytes Chemotaxis
Basophils Activation, mediator release
CCL12 Fibrocytes Chemotaxis
Monocytes Chemotaxis
Eosinophils Chemotaxis
Lymphocytes Chemotaxis
CCL17 T cells Chemotaxis (selective for Th2)
CCL19 Airway smooth muscle Chemotaxis
CCL20 Dendritic cells Chemotaxis
T cells Chemotaxis
CCL22 T cells Chemotaxis (selective for Th2)
CXCLS Neutrophils Chemotaxis
CXCLS8 Neutrophils Chemotaxis
Mast cells Inhibition of chemotaxis, inhibition of mediator release,

Endothelial cells
Eosinophils

Proliferation,survival, chemotaxis, angiogenesis
Chemotaxis after priming with IL-3, IL-5 or GM-CSF




1.3 ROLE OF MAST CELLS IN HEALTH

Interest in the function of mast cells in disease often takes precedence over
their role in health. However, mast cells may play a significant role in the
healing of wounds and defence against bacterial and parasitic infection,
participating in both innate and adaptive immunity. They are also major effector
cells in inflammatory processes attracting leucocytes to the area of insult which
contributes to host defence and repair. It is likely, therefore, that their primary
role is to sense the external environment, ready to respond to a variety of
diverse tissue insults with an early and appropriate program of gene expression
and mediator release aimed at initiating inflammation and then repair. When the
insult becomes chronic, then it is our view that their continuing activation
contributes to tissue dysfunction and remodelling. In addition, through the
misguided generation of allergen-specific IgE by host B cells, they have the
potential to induce acute, sometimes life-threatening symptoms on exposure to

allergen.

1.3.1 Mast Cells in Wound Repair and Angiogenesis

Due to the biological actions of their mediators (Tables 1.2, 1.3 and 1.4), mast
cells have been thought to be involved in the healing of wounds. Early studies
using metachromatic staining showed that mast cells “disappear” at the wound
edge in the first few days, possibly due to degranulation, then increase two-fold
over baseline by 10 days before returning to normal ®”. However, studies using
mast cell-deficient mice have provided conflicting results. Egozi and co-workers
found that mast cells modulated the early inflammatory response to wound

healing and angiogenesis, but were not required for the late phase proliferative




response to injury and had no effect on collagen deposition and re-
epithelialisation ©®. In contrast, Iba and co-workers showed that mast cells
contributed to the late phase remodelling in wound healing and that collagen
fibrils were more interwoven in wild type mice than mast cell deficient mice
(Kit*/kit**) (). The differing results between these studies may be due to the
experimental models used. However, neither study showed any real convincing
evidence of a major role for mast cells in wound repair. In contrast, a study by
Weller and colleagues suggested that mast cell deficient (Kit"/kit"") mice have
significant retardation of wound closure when compared to wild type, and that

mast cells are required for normal wound healing ®.

Mast cells may potentially inhibit thrombosis within damaged tissues through
the release of heparin, tryptase, chymase and tissue plasminogen activator
(tPA), allowing perfusion and nutrition to the site of injury ®*7. In support of
this, mast cell-deficient mice are more susceptible to lethal thrombogenic stimuli

than wild-type mice.

Neovascularisation occurs in a number of physiological and pathological
situations including wound healing and tumour growth respectively. Mast cells
are usually found at sites of neovascularisation such as around the periphery of
solid tumours 7'7®_ Rodent mast cells and the human mast cell line HMC-1
induce proliferation of microvessels 4. Several cytokines identified in human
mast cells have potential roles in angiogenesis including TNFa, basic fibroblast
growth factor (bFGF), and vascular endothelial growth factor (VEGF).

Supernatants from unstimulated HMC-1 cells induce proliferation of human




microvascular endothelial cells which is largely mediated by VEGF . In a
model of vascular tube formation, human dermal microvascular endothelial cells
exposed to HMC-1 cell supernatants or co-cultured with HMC-1 cells rapidly
differentiate and mature into vascular tubes "®. This effect is reproduced by
exposure of vascular cells to purified human tryptase, and inhibited
approximately 80% following pre-treatment of HMC-1 supernatants with the

specific tryptase inhibitor BABIM.

1.3.2 Mast cells and inflammation

Mast cells can contribute to the inflammatory response at various stages. The
mechanisms controlling leucocyte recruitment to sites of inflammation includes
a series of steps and mast cells can contribute to all of these processes. In
addition, mast cells can also activate effector cells for mediator secretion. Thus
mast cell mediators and cytokines have the potential to control inflammation at
all stages (Figure 1.2)(Tables 1.3 and 1.4). Indeed, a wealth of evidence

suggests that this is the case (reviewed by ®").
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FIGURE 1.2: The contribution of mast cell mediators to inflammatory cell

recruitment. See text for definition of abbreviations. Figure modified from (77)



1.3.3 Parasite Infection

Mast cells have been considered to represent the primary defence against
parasitic infections and are thought to be important for the expulsion of
parasites (reviewed by ®). However, innoculation of mice with neutralising
antibodies to both IL-3 and IL-4 abrogates the mast cell hyperplasia which
occurs in the gut of Nippostrongylus brasiliensis-infected mice and the
associated IgE synthesis, but does not alter the clinical course . Experiments
using parasite-infected mast cell-deficient mice have been contradictory, and so
the role of mast cells in immunological responses to parasites seems far from
clear. It has been suggested that the inappropriate activation of mast cells by
otherwise innocuous antigens, which is fundamental in allergic reactions, is a
maladaption of their anti-parasitic role. This “maladaption hypothesis” stems
from the observation that the immunopathological response to parasitic infection

and strong allergens is remarkably similar 7.

1.3.4 Defence against bacterial and viral infection

In mice, mast cells have a critical role in the host response to acute bacterial
infection. A series of experiments in different laboratories have shown that the
release of TNFa from resident mast cells at various tissue sites is an essential
prerequisite for the recruitment and activation of neutrophils required to control
the infection. This has been demonstrated with a diverse range of bacteria and

s %82 They can be activated through a variety of

experimental model
mechanisms including bacterial peptidoglycan which binds to TLR2,
lipopolysaccharide which binds to TLR4 and the type 1 fimbrial subunit (FimH)

which binds to CD48 ©%#) Mast cells can also ingest opsonised bacteria, and




potentially kill them following oxidative burst @, and are activated following
ligation of TLR3 indicating a likely role in the host response to viral infection .
These studies provide a clear example of where mast cells, in mice at least,
provide an important protective role for the host. This role in the defence against
local infection perhaps explains why mast cells are so widely distributed
throughout the human body, particularly at mucosal sites and within the skin

which provide a ready portal of entry for foreign organisms.

1.4 MAST CELL INTERACTIONS WITH THE SPECIFIC IMMUNE SYSTEM

1.4.1 Mast cells and antigen presentation

In addition to the innate mechanisms of mast cell activation, mast cells are
capable of presenting soluble antigens to T cells initiating their proliferation
(®6:87) Both rodent and human mast cells express class || MHC antigens which
are required for antigen presentation. In rat mast cells, this antigen presentation
is enhanced by IL-4 and GM-CSF and inhibited by IFNy ®”. Since IL4 is
required for the differentiation of the Th2 subset of T cells mast cell-derived IL-4
could provide the right microenvironment for T cell polarisation ©®. Indeed, it
has been reported that rat mast cells can shift the differentiation of T cells
towards the Th2 phenotype ©®. Therefore, mast cells could contribute to T cell
skewing towards a Th2 phenotype with both antigen presentation and IL-4

secretion.




1.5 THE ROLE OF MAST CELLS IN ALLERGIC DISEASES

Despite the potential physiological roles that mast cells perform they are still
synonymous with allergy. Mast cells play many roles in a number of diverse
diseases. Allergic diseases are IgE-mediated and include asthma, allergic
rhinitis and conjunctivitis, eczema, urticaria, and systemic anaphylaxis. Allergic
diseases are increasing in prevalence %) although the aetiology is uncertain.
It is evident from Tables 1.2 and 1.3 and the above discussion that mast cells
secrete a plethora of pleiotropic mediators including autacoids, proteases and
cytokines. These mediators are linked to the pathophysiology of allergic
diseases, and many of these are released via both IgE-dependent and non-
dependent mechanisms. Depending on the site of mediator release, symptoms
manifest clinically as rhinitis, conjunctivitis, urticaria, angioedema, erythema,
bronchospasm, diarrhoea, vomiting and hypotension which can be fatal in

severe reactions (such as anaphylactic shock).

In some of these diseases such as seasonal allergic rhinoconjunctivitis and
anaphylaxis the role of IgE and allergen is well understood and widely
acknowledged. However, diseases with more complex aetiology and
pathophysiology such as chronic asthma and atopic eczema, have much less
obvious involvement of IgE and mast cells, and therefore many other factors
must contribute to the disease phenotype. Since | will be using primary human
lung mast cells for this study, this report will focus in detail on the
immunopathology of asthma: although many of the principles discussed are

also applicable to the immunopathology of related allergic diseases.




1.5.1 Mast Cells in Asthma

Asthma is a complex disease which is characterised by the presence of variable
and reversible airway obstruction. It terms of symptomatology, asthma is
characterised by the symptoms of wheeze, dysnoea, cough and chest
tightness. Asthma exacerbations may be triggered by a number of different
stimuli, which will differ between individuals who will normally have one or more
that will predominate. Airflow obstruction is a result of smooth muscle
contraction, mucosal oedema, airway inflammation, and airway wall
remodelling. In this section | will concentrate on the evidence for mast cells
playing a role of central effector cells in asthma pathophysiology, their ongoing
mediator release, and tissue infiltration of key structures within the airways

(Figure 1.3).
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FIGURE 1.3: Mast cell interactions with structural airway cells in

pathogenesis of asthma.



Mast cells are resident in all tissues which includes the normal airways. They
are located adjacent to the vasculature of the lungs and are scattered
throughout the lamina propria #+)_ Interestingly, the total number of mast cells
does not differ significantly between normal and asthmatic airways, but in

asthma mast cells infiltrate several key structures such as the airway epithelium

(96-98) 99-101)

, mucosal glands ¢ , and the ASM (61:97:99:101-104)

This tissue
microlocalisation is likely to be a critical determinant of the asthmatic phenotype
since it increases the interactions between these cell types by introducing

intimate contact and direct cell-cell interactions.

If mast cell activation is relevant to chronic everyday asthma, it would be
expected that bronchial mucosal mast cells in asthmatic subjects would be
present in an activated state. This is indeed the case. Several studies have
demonstrated using electron microscopy that in “stable” atopic asthma the mast
cells appear to be in an activated state with ongoing degranulation in both the
airway epithelium and submucosa ©'%%1%) |n addition, several studies have
also shown increased numbers of mast cells in bronchoalveolar lavage fluid
(BAL) from stable asthmatics compared to normal controls %1% together with
increased concentrations of histamine and tryptase, providing further evidence

of ongoing mast cell degranulation 9107109,




1.6 MECHANISMS OF MAST CELL ACTIVATION

1.6.1 IgE-Dependent Activation

The best studied mechanism of mast cell activation, and that considered most
relevant to allergic disease is activation through the high affinity IgE receptor
FceRI (reviewed by 1%11M) Most of the downstream signalling events identified
following FceRI engagement have been defined in rodent models, with relatively
little known about events in human mast cells. Where human cells have been
investigated, some important differences in signalling have been observed (''?.
FceRl is a tetrameric structure from the multichain immune recognition receptor
(MIRR) family. It is comprised of an a chain (FceRla) which binds IgE, a B chain
signalling subunit (FceRIpB), and two y subunits which exist as a homodimer
signalling subunit (FceRly) (Figure 1.4). A detailed description of the multiple
signalling cascades activated following receptor activation is beyond the scope
of this chapter but is summarised in Figure 1.4 (for reviews see '%''") |n
terms of the proximal signalling pathways, the y signalling subunits contain an
immunoreceptor tyrosine-based activation motif (ITAM)"'®  within their
cytoplasmic C-terminal domains, which bind to Syk tyrosine kinases initiating
phosphorylation. The B chain of FceRI also contains an ITAM. However, the
FceRIB ITAM contains a non-canonical tyrosine residue which prevents binding
of Syk kinase. Instead, FceRIp signals through the activation of the lipid raft-
associated Lyn tyrosine kinase which in turn activates Syk kinase (Figure

1.4)1Y,




Signalling in vivo is initiated when multivalent allergen binds to allergen-specific
IgE bound to the FceRla chain. This promotes FceRI aggregation and can be
mimicked in vitro by the use of anti-IgE antibodies. Receptor aggregation
initiates the association of the receptor with lipid rafts containing Lyn, a
membrane anchored member of the Src family of protein tyrosine kinases
(reviewed by "), Lyn kinase transphosphorylates tyrosine residues in the
ITAMs before binding strongly to the phosphorylated FceRIp ITAM through the
Src homology 2 (SH2) domain (reviewed by (''®). Syk protein tyrosine kinases
are recruited to the rafts and bind the doubly phosphorylated ITAMs. They are
themselves phosphorylated by recruited Lyn and Syk kinases promoting the
Syk activation loop which results in a fully activated Syk with adjacent tyrosine
phosphorylation that begins a cascade of events leading to the activation of
inositol triphosphate (IP3). The generation of IP3; induces calcium mobilisation
from intracellular rough endoplasmic reticulum (RER) stores, which initiates the
influx of extracellular calcium via store operated calcium channels (Figure
1.4)"®_ In terms of IgE-dependent mediator release in both rodents and
humans, influx of extracellular Ca®* is a critical requirement for the release of

both pre-formed and newly generated mediators !'7118).
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FIGURE 1.4: Simplified schematic of mast cell signaling events leading to
degranulation and mediator production. Cross-linking of IgE molecules bound to
FceRI initiates ITAM phosphorylation at the cytoplasmic termini of the dimeric y
signaling subunits of the receptor (depicted in green). Syk kinases are recruited to the
activated ITAMs, which autophosphorylate and recruit more Syk kinases (along with
other kinases) leading to a cascade of signaling events. The p chain of the receptor
(depicted in blue) also contains an ITAM, which binds to the lipid raft-associated Lyn
kinase which in turn recruits, to the lipid rafts, and activates Syk kinases, thus
amplifying receptor signaling. Syk kinases activate the membrane-associated LAT,
which activates phospholipase C (PLC)-y leading to the release of intracellular calcium
stores from the rough endoplasmic reticulum via inositol trisphosphate (IP3) and its
receptor. PLC-y also leads to activation of protein kinase C (PKC), which induces
mediator release and cytokine production. In addition, PLC-y initiates the
Grb2/Sos/Ras pathway, which leads to extracellular regulated kinase (ERK) activation
that initiates arachidonic acid metabolism via activation of phospholipase A2 (PLA2)
and subsequent eicosanoid production and release. Mast cell degranulation is
dependent on influx of extracellular calcium through store-operated calcium channels
(SOCC) such as icrac. which is initiated by the release of calcium from internal stores
(depicted by red dashed line). This influx of calcium activates the intermediate
conductance Ca2+-activated K+ channel, KCa3.1 (depicted by blue arrow), leading to
an efflux of K+ which counteracts the membrane depolarization induced by Ca2+ influx,

thus increasing the driving force for Ca2+ entry.



The process of Ca®* entry through the plasma membrane as a result of the
depletion of Ca?* from internal stores is termed capacitive Ca®* entry. The Ca?*
current passing through the plasma membrane is known as the Ca?* release
activated Ca?* current (Icrac), and is believed to play a central role in many
physiological processes such as gene transcription, proliferation and cytokine
release 9. Icrac has been well characterized electrophysiologically in several
cells including rodent mast cells ‘'??, but the channel carrying it has only
recently been identified. Studies from separate groups using an RNAi screen in
Drosophila cells have identified the gene product of FLJ 14466 as an essential
component of Icrac '%"'??, and two further mutagenesis studies suggest this is
indeed the pore forming protein %312} The gene product has been given
different names (Orai1, CRACM1). | will refer to it as CRACM1. Although it is
generally accepted that Ca®* influx following store release is required for
mediator release from human and rodent mast cells following immunological
activation, whether CRACM1 channels alone control granule exocytosis is not
clear, and has not been investigated in human mast cells. One study in rat
basophil leukaemia (RBL) cells, which combined measurements of Icrac with
membrane capacitance measurements to monitor exocytosis found Icrac did
not provide sufficient Ca?* to support granule fusion ', however it may well
contribute to the production of lipid mediators in these cells '?®. Human mast
cells also express several members of the transient receptor potential family of
ion channels which also have the potential to contribute to Ca®* influx following

immunological activation 27,




K* channels have the potential to modulate Ca?* influx and hence mediator
release due to their profound effects on the cell membrane potential. K*
channels hyperpolarise the plasma membrane when open and thus increase
the electrical driving force for Ca?* entry '?® but perhaps more importantly,
CRACM1 conducts larger currents at negative membrane potentials 2. In
both RBL cells and rat IL-3-dependent bone marrow-derived mast cells, an
inwardly-rectifying K* channel (Kir2.1) is open when the cells are at rest (12%130),
However, the K* channels present in human mast cells differ to those in rodents
highlighting an example of species-dependent heterogeneity. Of note no Kir
current has ever been seen in any human mast cell 2313 Thys the majority
of HLMC and human peripheral blood-derived mast cells are electrically “silent”
at rest with a resting membrane potential of around 0 mV. Following IgE-
dependent activation, human mast cells rapidly open the intermediate
conductance Ca®*-activated K* channel Kc,3.1 1'% which has not been
described in rodent mast cells. The K¢a3.1 channel indirectly enhances Ca*
influx and histamine release, but is not critical for secretion, and can thus be
considered as increasing the gain of an immunological stimulus 3%, This
channel is closed by compounds which inhibit mast cell secretion such as B.-
adrenoceptor agonists, providing a mechanism for the coupling of receptor
activation and impaired secretion. Interestingly, this effect appears to act

through a cAMP-independent mechanism ¢'32.

1.6.2 Monomeric IgE-dependent mast cell activation
In addition to the cross-linking of FceRI by allergen, the binding of monomeric

IgE alone to FceRI can initiate intracellular signalling events and Ca®* influx




(221137-148) |n rodents this results in the release of granule-derived mediators and
the secretion of cytokines including IL-6 (37138141 Thijs |L-6 acts in an autocrine
manner and prolongs mast cell survival following growth factor withdrawal 32,
In human cord blood-derived mast cells, monomeric IgE alone induces the
release of the cytokines 1-309, GM-CSF and MIP-1a without histamine release
(4D However, in human lung mast cells (HLMC) that have been maintained in
culture, IgE induces the secretion of histamine, LTC4 and IL-8, which is
markedly enhanced in the presence of SCF ?. Interestingly, in both rodent
mast cells and HLMC, on-going signalling is dependent on the presence of
“free” IgE, and this ceases immediately when free IgE is removed, suggesting
that these findings are physiologically relevant %?'4?_ The mechanisms behind
this are uncertain but in part are thought to involve FceRI aggregation. These
observations are of great interest because SCF and free IgE concentrations are
elevated in asthmatic airways, and there is a robust correlation between total
serum IgE, and the presence of asthma and bronchial hyperresponsiveness (4%
1) This provides a mechanism for the ongoing activation of mast cells through
FceRl in the absence of allergen, and could explain in part the efficacy of anti-

IgE therapy in chronic allergic disease (%%1%9),

1.6.3 Non-immunological stimuli

Mast cells may also be activated through a plethora of non-IgE-dependent
mechanisms (Figure 1.5). These include proteases (including tryptase) (%6137
cytokines (e.g stem cell factor, TNFa, IFNy) @':158160) * complement (161162

adenosine % toll-like receptor ligands ©%'® neuropeptides (particularly skin

mast cells) 1% and hyperosmolality '%'®%). For example, The C5a receptor




CD88 was not thought to be expressed on HLMC, but recent work
demonstrates that it is in fact expressed on the MCrc subset of HLMC (179
Elevated C5a concentrations have been identified in the induced sputum of
asthmatic subjects 7" thus providing an alternative means of mast cell
activation, and of particular relevance to those mast cells (MCtc) within the

ASM bundles (see below).

Human progenitor-derived mast cells and mouse mast cells express Toll-like
receptors (TLRs) 1-7 and -9 """ These play an important role in the innate
host response to pathogens, activating diverse programmes of gene expression
depending on the stimulus. For example, in mouse mast cells functional
responses to TLR2 (the receptor for bacterial peptidoglycan) results in
production of TNFa, IL-4, -5, -6, -13 and IL-1B, while activation of TLR4 (the
receptor for LPS) induces production of TNFa, IL-1 B, IL-6, and IL-13, but not
IL-4 or IL-5. In addition, activation of TLR-2 but not TLR-4 induces Ca®'
mobilisation, degranulation and LTC,4 production ©*'74'73 Examination of the
gene expression profile from human cord blood-derived mast cells using high
density oligonucleotide probe arrays following activation with LPS compared to
anti-lgE demonstrates that both induce a core response, plus an LPS or anti-
IgE specific program of gene expression ('’®. Perhaps of more relevance to
asthma is mast cell activation via TLR3, the ligand for which is double-stranded
viral RNA ®_ Poly:IC, a synthetic activator of TLR3, induces the specific
release of IFNa as does exposure to RSV and influenza virus. Since viruses are
a common cause for asthma exacerbations, the mast cell anti-viral response

may be an important contributor to the deteriorating airway physiology.




A further interesting area of study is the role of immunoglobulin (lg) free light
chains. These are present in serum in normal subjects and their production is
augmented in inflammatory diseases such as rheumatoid disease. In mice, Ig
free light chains can confer mast cell-dependent hypersensitivity through an
unknown mechanism, and antigen-specific light chains can mediate mast cell-
dependent bronchoconstriction following antigen challenge '/”). Concentrations
of Ig free light chains are elevated in the sera of asthmatic compared to normal
subjects suggesting they may be relevant to the pathophysiology of human

asthma 77,
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Finally, there are likely to be genetic factors which lower the mast cell threshold
for activation in asthma. For example, an important negative regulator of mast
cell activation is src homology 2-containing inositol phosphatase (SHIP) (149,
SHIP-deficient rodent mast cells exhibit markedly enhanced secretory
responses, and with respect to human basophils at least, cells that are

“hyperreleasable” demonstrate a relative deficiency of this molecule ('7®.

1.7 NOVEL TARGETS FOR THERAPIES IN ASTHMA

Asthma remains a considerable cause of morbidity and occasionally death, and
constitutes a major economic burden: in consequence novel approaches to
treatment are urgently required. It is self-evident from the information provided
above that successfully inhibiting the release of various mediators from mast
cells in asthma could be particularly effective for its treatment. A possible target
for treatment has already been tested clinically. The non-anaphylactogenic
humanised monomeric antibody omalizumab which prevents IgE from binding
to its high (FceRIl) and low (CD23) affinity receptors by binding to an epitope on
the Ch3 domain of IgE " is partially effective and now licensed for the
treatment of asthma in many countries. However, this approach is not without
drawbacks and the treatment is only partially effective. Thus other targets which
could modulate mediator release are still of great interest. One such target that

may prove effective is the MS4A gene family.




1.7.1 The membrane spanning 4A gene family

The MS4A gene family was recently identified when MS4A3 (also known as
HTm4) was found to have high sequence homology to both MS4A1 (also known
as CD20, or the B cell receptor) and MS4A2 (also known as FceRIB, the B
subunit of FceRl) (%, Since this discovery, several further family members
have been identified 88 Thus the MS4A gene family now comprises of at
least 12 known family members in humans which share a high degree of
sequence homology and are all located at chromosome 11q12 ®). According
to our own bioinformatical analyses, they usually have 4 transmembrane
domains with cytoplasmic amino and carboxyl termini, and their expression is
largely restricted to immunological cells. MS4A1, MS4A2 and MS4A3 are the
most characterised proteins in the family and share about 20% homology.
Importantly, their structure is conserved across species with high similarity and
significant sequence identity between human, mouse and rat proteins,
particularly in the first 3 transmembrane regions. Functionally, almost all of the
MS4A gene family remain unexplored with a Pubmed search for “MS4A gene”
yielding only 6 results. However, MS4A1 and MS4A2 have been studied, but

still only to a small degree.

Analysis of transcript expression in the mouse suggests that CD20 expression
is restricted to cells of the B cell lineage ('®® and since the mouse and human
isoforms are so well conserved (73% amino acid identity) it is likely that this
would be the case in human expression. MS4A1 is an integral part of the B cell
receptor, and is functionally associated with the regulation of cell cycle

progression and signal transduction in B lymphocytes ('®%'8") Thus MS4A1 acts




as a transmembrane component of a multimeric receptor compiex which is
involved in signal transduction of the receptor. This property may be a feature of
the gene family since proline rich regions in the cytoplasmic N- and C-termini of
most of the gene family members suggests that they may well form receptor
complexes. Indeed, MS4A2 is an integral part of the human tetrameric IgE
receptor complex FceRI which is critical for IgE-dependent mast cell activation.
In this complex MS4A2 performs important signalling events which affect mast
cell function, although its expression is not essential for IgE receptor signalling

%) However, MS4A2 is known to act as an amplifier of FceRI signalling (1%,

1.7.1.1 Possible functions of the MS4A gene family

Although there is some knowledge of the rudimentary function of the better
known MS4A gene family members, there are even fewer mechanistic reports.
However, one possible mechanism behind the roles of MS4A gene products in
signal transduction is that they may regulate ionic conductance. Indeed, MS4A1
has been proposed to act as a distinct and highly selective Ca?* channel in B
lymphocytes %9 This hypothesis was drawn after the discovery that
transfection of MS4A1 cDNA into human K562 erythroleukaemia cells and
mouse NIH-3T3 fibroblasts induced an identical transmembrane Ca**
conductance which was very similar to the native current evident in B cells "%,
More recently, Li and colleagues (®" demonstrated that MS4A1 may actually
act as a store-operated calcium channel (SOCC) which associates within lipid
rafts to couple B cell receptor signalling to store-operated calcium entry (SOCE)
in cholesterol-dependent lipid microdomains '°V. This theory is interesting since

FceRl in mast cell signalling has been proposed to work in a similar way (see




section 1.6 Mechanisms of mast cell activation). In addition, incorporation of
complexes of FceRIl and a molecule called cromolyn binding protein into lipid
bilayers caused calcium conductance which was blocked by cromolyn (192193,
The calcium conductance was not induced with the incorporation of either FceRI
or cromolyn binding protein alone "% suggesting that FceRI directly modulated
the opening of the channel forming unit of the complex which was the cromolyn

binding protein. However, the identity of the cromolyn binding protein has never

been determined (to the best of our knowledge).

Calcium signalling and influx are associated with many functions including cell
activation, migration, survival, proliferation and apoptosis ('*1%). The regulation
of cell cycle progression and proliferation which is attributable to MS4A1 is
associated with calcium influx which speeds up progression through the G,
phase when transfected into Balb/c 3T3 cells % In addition, MS4A12 has
been reported to act as a distinct SOCC (or modulate an as-yet-unknown
calcium channel) in colonic epithelial cells °”. Importantly, the expression of
MS4A12 was specific to the colonic apical membrane with strict transcriptional
repression in all other tissues, and the increased and maintained expression
was associated with colonic cancer "% Subsequent functional knockdown of
MS4A12 using siRNA in colon cancer cells significantly attenuated cell
proliferation, motility and chemotactic tissue infiltration '*”). Furthermore, cells
expressing MS4A12 were more reactive to lower concentrations of growth
factors than their counterpart cells not expressing MS4A12 (%7 |n addition,
MS4A1 expression is increased in B cell malignancies, particularly non-

Hogdkins B cell lymphomas %% Further evidence of a possible role of MS4A




gene family members in cancer has been demonstrated with an increased
expression of MS4A8B in small cell lung cancer although no mechanism was

described '8,

These observations of possible roles for the MS4A gene family in increased
proliferation and neoplasia are of great interest and may be particularly
important when considering the success of an anti-MS4A1 antibody (rituximab)
for the treatment of B cell lymphomas %%, However, some MS4A gene family
members may reduce cellular proliferation. MS4A3, also known as HTm4, is an
MS4A gene family member which is preferentially expressed in the nuclear

e @9 The expression of

membrane rather than the cytoplasmic membran
MS4A3 in the nuclear membrane appears to reduce cell proliferation by binding
to KAP, a cyclin-dependent kinase (Cdk) associated phosphatase which
dephosphorylates human Cdk2 in the nucleus attenuating cell cycle progression
290) This dephosphorylation of Cdk2 at Thr160 by KAP is facilitated by MS4A3
binding directly to the complex which not only allows KAP greater access to

dephosphorylate Thr160 on Cdk2, but also forces the dissociation and

exclusion of cyclin A from this complex thus preventing G, — S phase transition

(201)

1.7.2 Project aims

The aim of this study was firstly to identify the MS4A gene family members
expressed in both primary human lung mast cells (HLMC) and in the available
mast cell lines HMC-1 and LAD-2 cells. In addition, | also aimed to determine

the molecular regulation of gene expression and the cellular trafficking of the




expressed gene products. Finally, | aimed to delineate the function of the

expressed proteins.

To achieve these goals, | would use a combination of molecular biological
techniques to determine the expression profiles, and clone the expressed gene
family members in the cell types studied. | would use state-of-the-art real-time
QRT-PCR to determine the regulation of gene expression. For cellular
localisation, | would use GFP tagged chimeric proteins and confocal microscopy
due to the lack of available antibodies. In order to assess protein function, |
would have to transfect the cells, which is not possible with the primary HLMC.
Therefore, alternative approaches would have to be designed. Such an
approach would be to use a new commercially available adenovirus which
preliminary data suggests may be an effective method of transducting cDNA
into HLMC. Using this technique | plan to both overexpress and functionally
knock-down each expressed gene and perform functional assays with these

cells to determine their function in activation, mediator release and survival.




CHAPTER 2: MATERIALS AND METHODS




2 MATERIALS AND METHODS

21 Cells

2.1.1 Immortalised cell lines

The human mast cell line HMC-1 was a generous gift from Dr. J. Butterfield
(Mayo Clinic, Rochester, MN, USA). The cells were cultured, as described
previously ?°?_ in Iscove’s medium containing 10% iron-supplemented foetal
calf serum and 1.2 mM -thioglycerol. Cells were split 1:10 every 7 days and

resuspended in fresh medium.

LAD-2 cells were obtained from Dr. D Metcalfe (NIH, Bethesda, MD, USA). The
cells were cultured, as described previously “?%® in StemPro-34 medium
containing supplement, 1% antibiotic/antimycotic solution (all from Sigma-
Aldrich, Dorset, UK) and 1% non-essential amino acids (Life technologies,

Paisley, UK) with 100ng/ml recombinant human SCF added (R&D, Abingdon,

UK). Half of the medium supplemented with SCF was changed every 7 days.

Chinese hamster ovary (CHO) cells were kindly provided by Andrew Chadburn
(Dept. Cell Physiology and Pharmacology, University of Leicester, UK). Cells
were maintained in HAMS F12 medium containing 10% FBS (Life
Technologies, Paisley, UK). Cultures were passaged when confluent, which

was typically every 5 days, and split 1:10 for each passage.




2.1.2 Human lung mast cell isolation

All human subjects gave written informed consent and the study was approved
by the Leicestershire Research Ethics Committee, UK. Lung tissue (typically 10-
20g) was obtained by surgical resection for bronchial carcinoma. Lung tissue
was finely chopped and filtered through 100um gauze (Fisher Scientific,
Loughborough, UK) to remove alveolar macrophages and blood cells. Lung
tissue was stored overnight at 4°C in Dulbecco’s modified Eagles medium
(DMEM) 10% FBS (Life Technologies, Paisley, UK) containing 1%
antibiotic/antimycotic solution (Sigma-Aldrich, Dorset, UK). Collagenase type 1A
(7.5mg/g lung tissue) (Sigma-Aldrich) and hyaluronidase (3.75mg/g lung tissue)
(Sigma-Aldrich) were added and incubated for 75 minutes at 37°C with stirring.
Dispersed cells were filtered through 50um gauze to remove connective tissue
and washed 3 times by centrifugation at 250 x g for 8 minutes. Lung cells were
incubated for 40 minutes in a blocking buffer of HBSS containing 1% BSA
(Sigma-Aldrich,), 10% horse serum and 2% FBS (Life Technologies). Mast cells
were purified using pan mouse IgG coated magnetic dynabeads® (Dynal, Wirral,
UK) conjugated with mouse anti-human CD117 (mAb YB5.B8) (Cambridge
Bioscience, Cambridge, UK). The final HLMC purity was >98% with cell viability

>97% (monitored by exclusion of trypan blue).

Following isolation, HLMC were cultured in DMEM/Glutamax/HEPES containing
10% FBS, 1% MEM nonessential amino acids (all from Life Technologies), 1%
antibiotic/antimycotic solution (Sigma-Aldrich), 100 ng/ml recombinant human
(rh)SCF, 50 ng/ml rhiL-6 and 10 ng/ml rhiL-10 (R&D, Abingdon, UK) at 37°C in

a humidified incubator flushed with 5% CO..




TABLE 2.1: Cell line characteristics

Cell Type

HLMC

HMC-1 cells

LAD-2 cells

CHO cells

Origin

Human lung
resections

Mastocytosis
patient

Mast cell
leukaemic
patient

Chinese
hamster
ovary

Important characteristics

HLMC best represent airway mast cells in vivo.
They have good expression of FceRIl and react
well to IgE-dependent stimulation (typically 30-
50% histamine release). They contain high levels
of histamine which increases with time in culture.
They proliferate after 2-3 wks in culture but only
very slowly. They require a cocktail of expensive
cytokines to survive in culture (particularly SCF).
We can successfully transduct cDNA into HLMC
with adenoviruses.

HMC-1 cells are a widely used cell line for mast
cell biology. They proliferate rapidly in culture
and require no cytokine supplements due to a
gain-of-function mutation in cKIT (SCF receptor).
They do not express FceRI and so cannot be
activated by IgE-dependent stimulation. They
contain very low levels of histamine (>20 x less
than HLMC) and do not respond well to stimuli.
We can successfully transduct cDNA into HMC-1
cells with adenoviruses and lipid-based
transfections work but with poor efficiency.

LAD-2 cells are used in mast cell biology
research, but to a lesser degree than HMC-1
cells. Partly, because they require SCF to survive
in culture since they have no gain-of-function
mutation in cKIT. They express FceRI but
respond poorly to IgE-dependent stimulation. In
addition, they contain very low amounts of
histamine (comparable to HMC-1). We cannot
successfully transfect LAD-2 with adenoviruses
or lipid-based techniques.

CHO cells are an electrically “quiet” cell with little
endogenous current and so are a common cell
type used for electrophysiology. They are very
easily transfected with cDNA.



2.2 MS4A GENE EXPRESSION ANALYSIS

2.2.1 lIsolation of total RNA from human mast cells

Total RNA was initially isolated using the Wizard SV Total RNA Isolation system
from Promega (Promega, Southampton, UK) according to the manufacturer’s
instructions. However, the quality and quantity of RNA isolated using this
system did not reach the standards required for detailed molecular biology.
Therefore | changed to the QIAGEN RNEasy kit which was used according to

the manufacturer’s instructions (QIAGEN, Crawley, U.K.).

2.2.2 RT-PCR

To determine which MS4A gene family members were expressed by human
mast cells, RT-PCR was designed to amplify regions which were conserved
across splice variants of each family member, but which were distinct from other
family members. Thus the transmembrane regions which have very high
homology within the gene family were avoided (Figure 2.1). Regions around the
5" end of the mRNA which encodes the cytosolic amino terminal of the proteins
were selected as they demonstrated the greatest diversity in nucleotide
sequence (Table 2.2). Primers and the resulting amplicon were all BLAST
searched to confirm that regions were sufficiently unique. All regions contained

at least one intron.

RT-PCR was carried out using the single tube AccessQuick RT-PCR system

(Promega, Southampton, UK). This kit uses a master mix system which




eliminates the requirement to add individual reagents, such as nucleotides, to
the PCR reaction. 25l of the master mix was added to each of the PCR
reaction tubes on ice. 20l of sterile DNAse/RNAse free water was added to
each tube. 1pl of forward primer and 1l of reverse primer were added to each
tube making a final concentration of 2uM of each primer. 1pl of AMV reverse
transcriptase was added to each tube, or 1l of sterile DNAse/RNAse free water
was added to the no reverse transcriptase control. Finally, 2l of total RNA was
added to each reaction. Total RNA was diluted to ensure that 1ug of total RNA

was added to each condition.

All tubes were then transferred to the heating block. The protocol for RT-PCR
was set as follows. Samples were held at 48°C for 45 minutes to enable reverse
transcription of the mRNA using the reverse primer added. This was followed by
5 minutes at 95°C to denature the cDNA and inactivate the reverse
transcriptase. Samples were then run at 95°C for 1 minute, 50°C for 1 minute
and 68°C for 2 minutes for 40 cycles. A final extension step of 48°C for 7
minutes was performed to ensure complete extension before samples were
held at 4°C. Samples were then run on a 1.5% agarose gel containing 0.5ug/mi
ethidium bromide for 1 hour before visualisation with an ultraviolet lightbox.
Bands were excised from the gel and the gel was purified using the QIAquick
Gel Extraction Kit according to the manufacturer's instructions (QIAGEN,
Crawley, U.K.). Purified cDNA from the expressed MS4A gene family members
was incorporated into the pGEM® T Easy Vector System (Figure 2.2) according

to the manufacturer’s instructions (Promega, Southampton, UK). Breifly, 3ul of




cDNA was incubated with 5ul of 2 x reaction buffer, 1ul of pGEM T easy vector,

and 1pl of T4 DNA ligase and incubated overnight at 4°C.

50l of highly competent JM109 Eschricia coli cells were thawed on ice for 5
minutes before 3ul of overnight ligation reaction product was added to the cells.
JM109 cells were incubated with the ligation products for 20 minutes on ice.
Following the incubation, cells were heat shocked for 50 seconds at exactly
42°C and returned to ice for 5 minutes. 950yl of Luria Broth was added to each
of the 50ul samples and incubated at 37°C for 90 minutes with rotational
agitation at 150 rpm. Agar plates were prepared by autoclaving Luria Broth
Agar. Once the agar has cooled sufficiently, 100pg/ml ampicillin was added
immediately prior to pouring plates. Plates were then allowed to set upside-

down in an incubator set at 37°C.

Once the agar plates had set, 100ul of IPTG and 20pl of X-galactose were
added to the plates and allowed to dry. Once dry, 200ul of the transformed
JM109 cells were added to each plate and spread using a spreader sterilised
with ethanol and flaming. The remaining 800ul of suspension was centrifuged at
5000 x g for 5 minutes and resuspended in 200ul of Luria Broth. This was then
spread onto another identical plate. Plates were then allowed to dry inverted in
an incubator (37°C) with the lids removed for 30 minutes before the lids were

replaced and the plates were incubated at 37°C overnight.

The following day, the plates were moved to 4°C for 2 days to develop the

colour of the plate. Untransformed colonies will develop a blue colour which is




more evident after incubation at 4°C. Thus, white colonies were subcultured into
a broth culture containing 100ug/ml ampicillin and incubated overnight with
rotational agitation at 150 rpm. Cultures were then centrifuged at 5000 x g for 5
minutes and the broth was removed by inversion and blotting on a paper towel.
Transformed cell pellets were lysed and the cDNA was purified using the
Wizard SV Plasmid Purification Kit according to the manufacturer's instructions

(Promega).

The pGEM® T Easy vector contains EcoRI restriction sites either side of the
inserted cDNA in the multiple cloning site of the vector. Therefore, purified
cDNA was incubated for 3 hours at 37°C with 10 units of EcoRI in NEB buffer 1
containing 1% BSA (New England Biolabs, Hitchin, U.K.). Following this
incubation, samples were run on a 1.5% agarose gel for 1 hour at 80V and
cDNA containing the inserts were sent for sequencing (Protein and Nucleic

Acids Chemistry Laboratory, University of Leicester) to confirm specificity.




FIGURE 2.1: Multiple sequence alignment of proteins with high amino acid

sequence sim

ilarity to MS4A2
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The conservation scale:
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Figure 6: Multiple sequence alignment for proteins with high homology to
MS4A2. This sequence alignment demonstrates that there are four conserved
regions (red regions) which are interspaced with variable regions (blue regions).
These conserved regions represent high sequence homology between proteins
which correspond to the four transmembrane regions of the family. The two
extracellular loop domains for each protein are the least conserved regions, but
vary greatly in length between splice variants. Therefore, the cytoplasmic N-
terminal regions (the residues at the start of these sequences) were selected for

the design of primers from the nucleotide sequences.



TABLE 2.2: Primers designed for RT-PCR of MS4A family members to confirm

expression in human mast cells

MS4A2

Forward Primer
5'"-AATCTTGCTCTCCCACAGGA-3"

Reverse Primer
5'-TGTGTTACCCCCAGGAACTC-3'

MS4A4A

Forward Primer

5'-GCATGGGAATAACAATGATGTG-3"

Forward Primer

5'-TCCTAGACTACCTCGGACCAG-3'

MS4A6A

Forward Primer
5'"-GGATCATTTTGGCATCTGCT-3"

Forward Primer
5'-AGGCTGCTATGCACCAAAAG-3"'

MS4A6E

Forward Primer
57-GACTGCCATAGAGCCAAAGC-3"'

Forward Primer
5'-CCAGCATCATGAGTCGTCTT-3'

MS4A7

Forward Primer
5'-CCTGAGGACTGCCTCTCAAC-3"'

Forward Primer
5'-CCCAGGGTTGTTGGAGTAGA-3"'

50%
G+C

55%
G+C

41%
G+C

57%
G+C

45%
G+C

50%
G+C

55%
G+C

50%
G+C

60%
G+C

55%
G+C

60°C
Tm

60°C
Tm

60 °C
Tm

59°C
Tm

60°C
Tm

60 °C
Tm

60°C
Tm

59°C
Tm

60 °C
Tm

60°C
Tm

Amplicon

AATCTTGCTCTCCCACAGGAGCCTTCCAGCI
NTRON>TGTGCCTGCATTTGAAGTCTTGGAA
ATATCTCCCCAGGAAGTATCTTCAGGCAGAC
TATTGAAGTCGGCCTCATCCCCACCACTGCA
TACATGGCTGACAGTTT TGAAAAAAGAGCAG
GAGTTCCTGGGG<INTRON>GTAACACA

Amplicon

GCATGGGAATAACAATGATGTGTATGGCATC
TAATACTTATGGAAGTAACCCTATTTCCGTG
TATATCGGGTACACAATTTGGGGGTCAGTAA
TG<INTRON>TTTATTATTTCAGGATCCTTG
TCAATTGCAGCAGGAAT TAGAACTACAAAAG
GCCTG<INTRON>GTCCGAGGTAGTCTAGGA

Amplicon

GGATCATTTTGGCATCTGCTTCCTTCTCTCC
AAATTTTACCCAAGTGACTTCTACACTGTTG
AACTCTGCTTACCCATTCATAGGACCCTTTT
TT<INTRON>TTTATCATCTCTGGCTCTCTA
TCAATCGCCACAGAGAAAAGGTTAACCAAGC
TTTTG<KINTRON>GTGCATAGCAGCCT

Amplicon

GACTGCCATAGAGCCAAAGCCAGTCTGGCT<
INTRON>GGAACTCTGTCTCTGATGCTGGTT
TCTACTGTGTTGGAGTTCTGCCTAGCTGTGC
TCACTGCTGTGCTGCAGTGGAAACAGACTGT
CTGACTTCCCTGG<INTRON>TTACTCATGT
CCTCAAAGACGACTCATGATGCTGG

Amplicon

CCTGAGGACTGCCTCTCAACATTGTGGCTCA
GAAATGGATTATCTATCCTCATTGCCTTATT
CGGAGTACTATTATCCAATATATGAAATCAA
AGATTGTCTCCTGACCAGTGTCAGTTTAACA
<INTRON>GGTGTCCTAGTGGTGATGCTCAT
CTTCACTGTGCTGGAGCTCTTATTAGCTGCA
TACAGTTCTGTCTTTTGGTGGAAACAGCTCT
ACTCCAACAACCCTGGG



2.23 Quantitative real time RT-PCR

For the quantitative real time RT-PCR (QRT-PCR), primers were designed to
specifically amplify each individual splice variant of the MS4A family members
expressed by human mast cells. Primers were designed to be 18-22 bp in
length with a melting temperature (T,) within 1-2°C of 60°C (Table 2.3). PCR
products were designed to be between 150 and 300 bp which is considered to
be optimal for QRT-PCR using SYBR® Green as the reporter molecule. All PCR
products were designed to contain at least one intron (usually > 1 kb) to
eliminate DNA contamination issues. QRT-PCR was designed to be carried out
using the Full Velocity SYBR® Green RT-PCR single tube system from
Stratagene (Amsterdam, The Netherlands). Using a single tube for both reverse
transcription and PCR amplification increases specificity, since only the gene of

interest (GOI) is reverse transcribed, although sensitivity is lower.

Quantitative RT-PCR was carried out using the FullVelocity® SYBR® Green
QRT-PCR system (Stratagene, Amsterdam, The Netherlands). For the assay,
12.5 pl of 2 x master mix was added to each tube of a 96 well QRT-PCR plate.
8.9375 ul of PCR grade water was added to each well. 1 pl of forward primer
and 1pl of reverse primer were added to make a final concentration of 200 nM
of each primer. 0.5 pl of the reference dye ROX was added to each well
followed by 0.0625 ul of stratascript reverse transcriptase. Finally, 1 pl of total
RNA, totalling 100 ng/reaction tube, was added and the plates were sealed with
optically clear tube caps (Stratagene). Plates were then centrifuged at 400 x g
for 1 minute to eliminate bubbles which would otherwise interfere with the

reading of the plate.




The 96 well plates were then transferred to the Mx3000P quantitative PCR
machine (Stratagene) for analysis. The protocol was set to read for both SYBR
Green and ROX with ROX set as the reference dye. Assays were performed in
triplicate and included a no template control. The temperature protocol was as
follows: an initial reverse transcription step of 50°C for 30 minutes was followed
by 95°C for 5 minutes to inactivate the reverse transcriptase. Then 50 cycles of
95°C for 20 seconds followed by 60°C for 30 seconds were performed.
Fluorescent readings were taken at the end of the 60°C step. After the 50
cycles a SYBR Green melting point was performed by raising the temperature
to 95°C for 30 seconds then dropping to 60°C for 1 minute. The temperature
was then slowly raised to 95°C with continual fluorescence readings to
determine the melting point of the cDNA products. Products were also run on a
1.5% agarose gel to confirm that the products were the expected length. Bands
were then excised from the gel and sequenced as described previously (see

section 2.2.2 RT-PCR).




TABLE 2.3: Primers designed for quantitative real time RT-PCR of
expressed MS4A family members and splice variants in human mast cells

MS4A2 G+C Tm Size
Forward Primer
5-AATCTTGCTCTCCCACAGGA-3’ 50% 60°C

; 167bp
Reverse Primer
5-TGTGTTACCCCCAGGAACTC-3’ 55% 60°C

MS4A2 Novel Variant

Forward Primer

5-AATCTTGCTCTCCCACAGGA-3’ 50% 60°C 167bp
Reverse Primer
5-ATAGAAAACCCCAGGAACTC-3’ 45% 60°C

MS4A4A Variant 1

Forward Primer

5- GCATGGGAATAACAATGATGTG -3’ M1 % 60°C
Reverse Primer

5-TCCTAGACTACCTCGGACCAG -3’ 57% 59°C

170bp

MS4AG6A Variant 1

Forward Primer

5-TGTTCCCAATGAGACCATCA -3’ 45% 60°C 262bp
Reverse Primer

5- GGGTCCTATGAATGGGTAAGC -3’ 52% 60°C

MS4A6A Variant 1 Polymorphism

Forward Primer

5- TCACAACCTGTTCCCAATGA -3’ 45% 60°C 156bp
Reverse Primer

5- GCCAGAGATGATAAACCCAAT -3’ 43% 58°C

MS4A6 Novel Variant

Forward Primer

5’- AAACCCGAACCCACCAAC -3’ 55% 60°C 253bp
Reverse Primer

5’- CATCAGAGAGAGAGTTCCACTGC -3’ 52% 60°C

MS4A7 Short Variant

Forward Primer

5-TGCTATTACAATCCCAAACCA -3’ 38% 58°C
Reverse Primer

5- AATGCCAAACCCAAGAACG -3’ 47% 60°C

155bp

MS4A7 Long Variant

Forward Primer

5-GCTTTACACCAAAGGGCATC -3’ 50% 60°C 251bp
Reverse Primer

5'- GCCAAAACACAGAGCTCCTAA -3’ 48% 60°C



2.3 MOLECULAR BIOLOGY

2.3.1 MSA4A family cloning

The full open reading frames (ORF) of the expressed MS4A gene family
members were amplified using primers designed to incorporate compatible
restriction sites at either end of the clone for directional cloning into a variety of
vectors (Table 2.4). Suitable restriction sites were selected following a search of
each ORF using the online restriction site search tool WebCutter 2.0 which is

available on the internet (http://rna.lundberg.qu.se/cutter2/). A triple guanine

motif was added to the 5’ end of each primer to increase stability and minimise
the effect of 5 degradation by polymerases. Manual checks of the primer
sequences were performed to identify any regions which may be self-

complementary.

The expressed MS4A genes were cloned using the selected primers and a
single tube AccessQuick™ RT-PCR System (Promega, Southampton, UK). The
AccessQuick™ RT-PCR System uses a 2x master mix which contains all of the
nucleotides (dNTP’s), Tfl DNA Polymerase, magnesium sulfate and reaction
buffer. Thus 25 ul of 2x master mix was added to each PCR reaction tube. 17 pi
of PCR grade pure water was added to each tube, before the addition of 1 pl of
the forward and reverse primers to make a final concentration of 2 pM of each
primer. 1 ug of total RNA was added to each tube in a final volume of 5 pl
immediately prior to the addition of 1 pl (5 units) of AMV reverse transcriptase,

making a final volume of 50 pl in each tube.

56

—
Nt


http://rna.lundberq.qu.se/cutter2/

RT-PCR was carried out in a single tube. Reverse transcription was carried out
at 48°C for 45 minutes followed by 5 minutes at 95°C. 40 cycles of melting at
95°C for 1 minute, annealing at 60°C for 1 minute followed by extension at 72°C
for 2 minutes were performed. A final extension step of 7 minutes at 72°C was
performed after the 40 cycles. 10 pl of 6x loading dye was added to each
sample and products were run on a 1.5% agarose gel containing 0.5 pg/ml
ethidium bromide for 1 hour at 80V. Gels were visualised on an UV emitting
light box and bands were excised using a clean scalpel blade. DNA from the
excised bands was purified using the QlAquick Gel Extraction Kit (QIAGEN,

Crawley, UK) according to the manufacturer’s instructions.




TABLE 2.4: Primers designed for cloning of MS4A family members and

splice variants in human mast cells

MS4A2

Forward Primer

5’- GGG GAATTC ATGGACACAGAAAGTAATAGGAG -3’
Reverse Primer

5- GGG GGATCC TTATAAATCAATGGGAGGAGAC -3’

MS4A4 Variant 1

Forward Primer

5'- GGG GAATTC ATGACAACCATGCAAGGAATGGAAC -3’
Reverse Primer

5’-GGG GGATCC TCAAACCTCATTAAGTGGTGTGG -3’

MS4A4A Variant 2

Forward Primer

5- GGG GAATTC ATGCATCAGACCTACAGCAGAC -3'
Reverse Primer

5’- GGG GGATCC TCAAACCTCATTAAGTGGTGTGG -3'

MS4AG6A Variant 1

Forward Primer

5’- GGG GAATTC ATGACATCACAACCTGTTCCCAATG -3’
Reverse Primer

5- GGG GGATCC TTAAGAAGTCAATAGTTCTTC -3’

MS4AG6A Variant 2

Forward Primer

5’- GGG GAATTC ATGACATCACAACCTGTTCCCAATG -3’
Reverse Primer

5’- GGG GGATCC TTAAGTGAAGCCGGCCAGCAC -3’

MS4AG6A Variant 3

Forward Primer

5’- GGG GAATTC ATGACATCACAACCTGTTCCCAATG -3’
Reverse Primer

5- GGG GGATCC TCAGAGTAAGCCTGTTTCCAC -3’

MS4A7

Forward Primer

5’- GGG GAATTC ATGCTATTACAATCCCAAACCATG -3’
Reverse Primer

5- GGG GGATCC TTATATCCAAGACCGTGAAGAAC -3’

G+c

44%

48%

47%

54%

52%

54%

47%

43%

47%

63%

47%

57%

42%

50%

Restriction
Site

EcoRlI

BamHI

EcoRlI

BamHlI

EcoRI

BamHI

EcoRI

BamHI

EcoRI

BamHI

EcoRI

BamHI

EcoRlI

BamHlI

Size

750bp

680bp

740bp

750bp

680bp

540bp

725bp
590bp



Purified cDNA from the expressed MS4A gene family mémbers was
incorporated into the pGEM® T Easy Vector System (Figure 2.2) (Promega,
Southampton, UK). The AccessQuick™ RT-PCR System using T7fi DNA
polymerase which adds a single template-independent nucleotide (adenine)
onto the 3' end of the amplified DNA ?®¥_ This single-nucleotide overhang
allows hybridisation with and cloning into T vectors, which have a
complementary 3° single thymidine overhang. Thus 3 pl of cDNA was added to
5 ul of 2x ligation buffer, 1 pl of T4 DNA ligase and 1 pl of pPGEM® T easy vector
and left for 16 hours at 4°C. 50 pl of highly competent JM109 Eschricia coli cells
were thawed on ice for 5 minutes before 3 pl of overnight ligation reaction
product was added to the cells. JM109 cells were incubated with the ligation
products for 20 minutes on ice. Following the incubation, cells were heat
shocked for 50 seconds at exactly 42°C and returned to ice for 5 minutes. 950
i of Luria Broth was added to each of the 50 pl samples and incubated at 37°C
for 90 minutes with rotational agitation at 150 rpm. Agar plates were prepared
by autoclaving Luria Broth Agar. Once the agar has cooled sufficiently, 100
pg/ml ampicillin was added immediately prior to pouring plates. The JM109 cells
were then plated out and colonies selected as described above (see section

2.2.2 RT-PCR).
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FIGURE 2.2: Map of the pGEM®-T Easy Vector.

2.3.2 Generation of green fluorescent protein - MS4A chimeric proteins

MS4A gene family clones were GFP tagged using the pEGFP N1 vector from
Clontech (Figure 2.3). This vector incorporates GFP cDNA onto the 3’ end of
the cloned inserts. Therefore, the stop codon on the 3’ end of the open reading
frame must be removed. Primers were designed to remove the stop codons
from the clones (Table 2.5) and care was taken in the design of the primers to
ensure that the sequence of the clone and that of the GFP tag remained in
reading frame after insertion of the insert into the vector. In most cases, it was
required to change the restriction sites on the primers for directional cloning into

the new vector.

In order to change the restriction sites for GFP tagging and to remove the stop
codons, MS4A clones were PCR amplified using the newly designed primers
(Table 2.5). PCR was performed by using the same AccessQuick™ RT-PCR
System as for the initial RT-PCR. However, for the normal PCR using this kit

the addition of reverse transcriptase was omitted. In addition, no reverse

{ 60 }



transcription step in the temperature protocol was required. Thus for the PCR
25 pl of 2 x master mix was added to each PCR tube followed by 21 ul of PCR
grade water. 1 ul of forward primer and 1ul of reverse primer were each added
before the addition of 2 yl of MS4A cDNA was added to each well to make a
final concentration of 100ng of cDNA. The temperature protocol used for the
PCR was 94°C for 5 min, followed by 25 cycles of 94°C for 1 min, 50°C for 1

min, and 68°C for 2 min, followed by a final extension step of 68°C for 7 min.

Following ampilification, the PCR products were run on a 1.5% agarose gel, gel
excised and purified as described above (see section 2.2.2 RT-PCR). The PCR
products were then cloned into pGEM®-T Easy Vectors as described above
(see section 2.2.2 RT-PCR). Following the cloning, amplification, purification
and sequencing of the cDNA, clone inserts were excised using restriction
enzymes to cut the incorporated restriction sites and inserted to pEGPN1 by
directional cloning. In brief, pPEGFPN1 plasmids and cDNA clones were cut with
the same restriction enzymes (10 units) for 3 h at 37°C. Digests were then run
on a 1.5% agarose gel before cDNA clones and the linear (cut) plasmid bands
were excised and purified. The insert and plasmid were then combined at a

molar ratio of 3:1 and T4 ligase was added.

After successful transferral of the clones into the GFP vectors, highly competent
JM109 cells were transformed in the same way as described for the cloning.
However, it is not possible to chromogenically screen for successful
transformation using the pEGFP N1 vector. Thus several colonies were sub-

cultured in broth and grown overnight for each clone and screening was




performed on the purified DNA isolated from colonies using restricﬁon enzyme
digestion. However, few colonies would grow which were not transformed since
the antibiotic resistance gene encoded by the vector is for kanamycin and
plates with kanamycin added have very little growth of untransformed cells.
DNA which was demonstrated to contain a cDNA insert after restriction enzyme

digestion was sequenced to confirm sequence integrity.
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FIGURE 2.3: Map of the pEGFP-N1 Vector.

TABLE 2.5: Primers designed for producing MS4A : eGFP chimeric

proteins

MS4A2

Forward Primer

5~-GGG GAGCTC ATGGACACAGAAAGTAATAGGAG 3
Reverse Primer

5-GGG CCGCGG TAAATCAATGGGAGGAGACATTTC -3’

MS4A4
Forward Primer
5~-GGG GAGCTC ATGACAACCATGCAAGGAATGGAAC -3

Reverse Primer
5~-GGG CCGCGG AACCTCATTAAGTGGTGTGGGAG -3

MS4A6
Forward Primer
5~-GGG GAGCTC ATGACATCACAACCTGTTCCCAATG -3

Reverse Primer
5-GGG CCGCGG AGAAGTCAATAGTTCTTCATATC -3’

MS4A7

Forward Primer

5-GGG AAGCTT ATGCTATTACAATCCCAAACCATG -3
Reverse Primer

5~-GGG CCGCGG TATCCAAGACCGTGAAGAACTC -3

{ 6}

Buffer
activity

100%

100%

100%

100%

100%
100%

100%

75%

Restriction
Site

Sacl
Scll

SaclI



2.3.3 Generation of adenoviral constructs

Primary human lung mast cells (HLMC) are notoriously difficult to transfect with
no reliable non-viral method being identified to date. Even adenoviral
approaches can only achieve up to around 25% transfection at maximum.
However, a recently discovered commercially available adenovirus (BioFocus
DPI) effectively transducts HLMC ©%). Therefore, MS4A gene family clones
were prepared for shipment to BioFocus. The plasmid construct used for the
generation of their viruses was adapt6 (Figure 2.4). Therefore, primers were
designed to amplify the full open reading frame for each clone with compatible
restriction sites (Table 2.6). Amplified cDNA was then cloned into pGEM® T
easy vectors as described above. The resulting cDNA was then sequenced to

confirm sequence integrity.

Viruses were also constructed containing shRNA for gene silencing. The

shRNA constructs were designed and generated by BioFocus DPI.
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FIGURE 2.4: Map for Adapt6 Vector.

TABLE 2.6: Primers designed for producing MS4A adenoviral constructs

MS4A2 Restriction Site
Forward Primer

5’- GGG GAATTC ATGGACACAGAAAGTAATAGGAG -3’ EcoRlI
Reverse Primer

5’- GGG GGATCC TTATAAATCAATGGGAGGAGAC -3’ BamHI
MS4A4

Forward Primer

5’- GGG AAGCTT ATGACAACCATGCAAGGAATGGAAC -3’ Hindlll
Reverse Primer

5’- GGG GTCGAC TCAAACCTCATTAAGTGGTGTGG -3’ Sail
MS4A6

Forward Primer

5’- GGG GTCGAC ATGACATCACAACCTGTTCCCAATG -3’ Sail
Reverse Primer

5’- GGG GGATCC TTAAGAAGTCAATAGTTCTTC -3’ BamHI
MS4A7

Forward Primer

5°- GGG AAGCTT ATGCTATTACAATCCCAAACCATG -3’ Hindlll
Reverse Primer

5’- GGG GAATTC TTATATCCAAGACCGTGAAGAAC -3’ EcoRlI

{®}



2.4 MS4A PROTEIN TRAFFICKING

2.4.1 Transfection of GFP tagged MS4A proteins into LAD-2 cells

Due to the difficulty in transfecting HLMC, and their relative paucity, initial
experiments for MS4A gene family protein trafficking were performed in the
human mast cell line LAD-2. LAD-2 cells were transfected using the Nuclector®
machine from Amaxa (Germany). 1 x 10° LAD-2 cells were centrifuged very
gently at 90 x g for 10 minutes. Cells were then washed once in PBS by
centrifugation again at 90 x g for 10 minutes. LAD-2 cells were then
resuspended in 100 pl of the transfection medium designed for use with the
Amaxa system containing 2 pug of the appropriate cloned cDNA. The kit used
was the basic nucleofector kit for primary mammalian epithelial cells. The
mixture was then placed into cuvettes supplied with the kit and inserted into the
nucleofector machine. The programme for aortic smooth muscle was selected
and run. Cells were then plated out in 35 mm glass bottom dishes with 2 ml of
normal LAD-2 growth medium with 100 ng/ml of SCF added, and left overnight

at 37°C in a humidified incubator for confocal analysis the following day.

2.4.2 Transfection of GFP tagged MS4A proteins into HMC-1 cells

For the transfection of HMC-1 cells, it was possible to achieve modest
transfection efficiency using lipid based technologies due to the rapid replication
of the HMC-1 cells. Thus for the HMC-1 cells, transfection was achieved using
FUGENE HD reagent (Roche). 1 x 10° HMC-1 cells were plated out into 1 ml of
HAM F12 medium containing 10% FBS and 1% non essential amino acids

(Invitrogen) into a 24 well culture plate (it is essential that there is no antibiotic




added to the media). The cells were then allowed to rest in a humidified
incubator set at 37°C and flushed with 5% CO,. Meanwhile, the MS4A cDNA
and the FUGENE HD reagent were brought to room temperature. Then 500ng
of MS4A cDNA in pEGFP N1 (usually ~2 pl) was added to 50 ul of DMEM with
no added supplements. 2 pl of FUGENE HD reagent was also added to a
separate tube containing 50 pl of DMEM with no added supplements. After 5
min the tube containing the cDNA in DMEM was added to the tube containing
the FUGENE HD reagent and gently mixed before incubation for 20 min to form
the cDNA:lipid complexes. Following the incubation, the mixture was added
drop-wise to the cells and mixed. Analysis was then performed 24-48 h after

transfection.

2.4.3 Transduction of MS4A gene family members into HLMC

Transfection of gene product cDNA into HLMC had not previously been
achievable. However, a commercially available adenovirus can successfully
transduct cDNA into HLMC ?®). There are 2 adenoviruses available from
BioFocus DPI (Leiden, The Netherlands) which will transduct HLMC. Therefore,
| performed optimisation experiments using both viruses to establish the optimal
method for transduction. The viruses available were the Ad5C01Att01 and
Ad5C20Att01 adenoviruses which are replication deficient Ad5 adenoviruses

with different genetic backbones %

2.4.3.1 Transduction of HLMC using Ad5C01Att01 adenovirus
HLMC were first transduced using the Ad5C01Att01 adenovirus. The virus was

dispatched at viral titres of 7.16 x 10° virus particles (VP) / ml on average with a




range from 1.1 x 10° to 1.7 x 10'® VP / ml. The eGFP control virus (Batch ID
12730) was used to optimise transduction and was dispatched at a titre of 9.4 x
10° VP / ml. A range of 500 — 5000 VP / HLMC was used (giving a multiplicity of
infection (MOI) of 500 — 5000) to obtain the optimum transduction efficiency with
the minimum cytotoxicity. Appropriate amounts of virus were then added to
DMEM with 10% FBS, 1% non-essential amino acids and 1%
antibiotic/antimycotic to ensure that 500 ul of the diluted virus equated to the
appropriate MOI for each condition. 1 x 10° HLMC were plated out in 500 pl of
DMEM with 10% FBS, 1% non-essential amino acids, 1% antibiotic/antimycotic,
and 2 x final concentration of SCF (final concentration of 100ng/ml), IL-6 (final
concentration of 50 ng/ml) and IL-10 (final concentration of 10 ng/ml). 500 pl of
diluted virus was then added immediately to each well and incubated at 37°C in
an humidified incubator flushed with 5% CO; for the indicated amount of time
from 24-72 h. Transduction efficiency was monitored by fluorescence
microscopy during the time-points. Due to the relatively poor transduction
efficiency with this virus, the efficiency was deduced more accurately by flow

cytometry.

24.3.2 Transduction of HLMC using Ad5C20Att01 adenovirus

HLMC were next transduced using the Ad5C20Att01 adenovirus. This virus was
dispatched at viral titres of 7.41 x 10’ infective units (IU) / ml on average with a
range from 1.05 x 10’ to 8.95 x 10° IU / ml. The Ad5C20Att01 virus was
dispatched with the new unit of IU rather than VP to improve reproducibility of
results between batches. The IU is the amount of actively infective virus as

apposed to the total virus particles and in the batches that | use equates to 1 IU




being roughly equal to 100 VP. The eGFP control virus (Batch ID 12538) was
used to optimise transduction and was dispatched at a titre of 2.11 x 108 IU / ml.
For the optimisation, an MOI of 1 to 50 IU / HLMC was used. Optimisation
determined that a multiplicity of infection (MOI) of 10 infective units (IU) of the
virus per HLMC was sufficient for ~100% transduction efficiency after 48 h with
minimal toxicity. No special culturing conditions were required for the viruses so

they were simply added to the cells at an MOI of 10 IU / HLMC.

2.4.4 Immunofluorescence of MS4A gene products in HLMC

Where possible, immunofluorescence of MS4A gene family members was
carried out on HLMC. There was no way of transfecting HLMC with GFP-tagged
MS4A gene family members without incorporating the GFP tagged cDNA into
the Ad5C20Att01 adenoviruses (Biofocus DPI) in addition to the adenoviruses
already purchased. Although this was possible, it was prohibitively expensive
for this project. However, antibodies which were not available in the earlier
stages of this project had become available during the latter stages. Thus for
the gene family members which had an available antibody,

immunofluorescence was attempted.

For the immunofluorescence, 2 x 10° HLMC were plated out into 500 pl of
normal mast cell growth medium (DMEM with 10% FBS, 1% non-essential
amino acids, 1% antibiotic/antimycotic, 100 ng/ml SCF, 50 ng/ml IL-6 and 10
ng/ml IL-10). An appropriate amount of AA5C20Att01 adenovirus to make an
MOI of 10 was then added to the cells in 500 pl of the same mast cell growth

medium to make a total of 1 ml of culture medium. The cells were then




incubated for 48 h. Following the incubation with the viruses, thé cells were
stained for flow cytometry (see section 2.8.1 Flow cytometry below). Cells
which were left after flow cytometry were cytospun onto Silane coated
microscope slides and coverslipped using fluorescence mounting medium

(Sigma) and examined using confocal microscopy.

2.4.5 Confocal microscopy

Confocal microscopy was carried out on the Olympus FV1000 microscope
within the advanced microscopy suite in the Department of Biochemistry,
University of Leicester, Leicester, U.K. Images were either taken with live cells
in 35 mm dishes kept at 37°C, or specimens were fixed and mounted, as
indicated, using a fluorescence mounting medium (QIAGEN). Images were
acquired under oil immersion and analysed using Fluoview FV10-ASW 1.6 and

ImagedJ 1.37v software.

2.5 MEDIATOR RELEASE ASSAYS

2.5.1 Mast cell challenge experiments

Mast cell challenge experiments were carried out on HLMC. 2 x 10° HLMC were
plated out in 24 well tissue culture plates in 500ul of HLMC culture medium
supplemented with 2 x final concentration of cytokines (see section 2.1.3). 2 x
10° infective units (IU) of Ad5C20Att01 adenovirus in 500ul of HLMC growth
medium was added to the appropriate wells giving a final multiplicity of infection
(MOI) of 10 IU / mast cell. Cells were incubated for 48 h or 7 days prior to

release assays.




For mast cell challenge, cells plus medium from each well of the 24 well plates
were harvested and placed into 1.5 ml eppendorf tubes. Tubes were then
centrifuged for 5 minutes at 5000 rpm in an eppendorf microcentrifuge. The
supernatants were removed and the pellets were resuspended in 200 pl of
DMEM (without supplements) before 5ul was taken for cell counts. 190 pl of
DMEM (without supplements) was added to each eppendorf followed by 10 pl of
human myeloma IgE (Calbiochem). The cells were then incubated for 45 min at
37°C. Following the incubation, eppendorfs were centrifuged for 5 min at 5000
rpm in an eppendorf microcentrifuge. The supernatant was removed and the
cells were resuspended in DMEM (without supplements) at a concentration of 2
x 10° cells / ml. 50 pl of cells were added to each well of a V bottom 96 well
plate before the addition of 50 ul of either DMEM alone for the control, or 50 pl
of 2 x final concentration of goat anti-human-IgE (Sigma-Aldrich). The plates
were then incubated at 37°C in a humidified incubator flushed with 5% CO; for
45 min. The plates were then centrifuged at 250 g for 5 min. Supernatants were
removed and stored for histamine and LTC, measurement. Cell pellets for
control wells were lysed in 200 ul of ultrapure water and frozen for

measurement of total histamine content.

2.5.2 Histamine radioenzymatic assay

Histamine release was measured by radioenzymatic assay. Samples were
obtained from the challenge experiments. Samples were defrosted and 75 pl of
each sample was added to each well of a 96 well deep well cluster plate. 75 pl

of standard samples were added to the standard curve wells. The deep well




plates were then centrifuged at 500 g for 30 s to bring the entire éample to the
base of the well and eliminate cross contamination of samples. Histamine
methyl transferase (HMT) and *H S adenosyl methionine (*H SAM) were both
added to DMEM (with no supplements) at a ratio of 5 ml of DMEM to 500 pl of
HMT with 0.5 MBq of H SAM for each plate. Then 50 pl of this mixture was
added to each well of the 96 well plates. The plates were then mixed by mild
agitation and centrifuged at 500 g for 30 s. The plates were then incubated at
37°C for 45 min. Following the incubation, the reaction was stopped by adding
50 ul of 10 M NaOH to each well and the wells were mixed with mild agitation.
400 pl of toluene:isoamyl alcohol (4:1) solution was then added to each well
and the wells were sealed with strip caps. The plates were then vigorously
shaken to allow the *H enzymatically transferred histamine to dissolve into the
solvent phase. The plates were then centrifuged at 500 g for 1 min to separate
the phases and 75 pl of the top organic phase was transferred to corresponding
wells on a solid scintillant, shallow well Lumiplate (Packard Bell). The organic
solvent was then evaporated using warm air flow leaving precipitated tritiated
sample behind. Plates were then sealed using Topcount TopSeal (Packard Bell)
and read on the Topcount scintillation plate reader (Company). Data was
corrected for efficiency as disintegrations per minute (DPM). All data had
background radiation removed and were calculated as pg / ml histamine from
the standard curve. This data was then converted to % histamine (of total) by

calculated total histamine content from the lysed cell pellets.
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26 ELECTROPHYSIOLOGY

2.6.1 Single cell patch clamping

The whole-cell variant of the patch-clamp technique was used ''22%) Patch
pipettes were made from borosilicate fibre-containing glass (Clark
Electromedical Instruments, Reading, UK), and their tips were heat polished,
typically resulting in resistances of 46 MQ. For recording, mast cells were
placed in 35-mm dishes containing standard external solution. Whole-cell
currents were recorded using an Axoclamp 200A amplifier (Axon Instruments,
Foster City, CA, USA), and currents were evoked by applying voltage
commands to a range of potentials in 10 mV steps from a holding potential of —
20 mV. The currents were digitized (sampled at a frequency of 10 kHz), stored
on computer, and subsequently analyzed using pClamp software (Axon
Instruments). Capacitance transients were minimized using the capacitance
neutralization circuits on the amplifier. Correction for series resistance was not
routinely applied. Experiments were performed at 27°C, and the temperature
controlled by a Peltier device. Experiments were performed with a perfusion
system (Automate Scientific, San Francisco, CA) to allow solution changes,

although drugs were added directly to the recording chamber.

2611 Patch clamping solutions
The standard pipette solution contained: KCI, 140 mM; MgCl,, 2 mM; HEPES,

10 mM; Na*-ATP, 2 mM; GTP, 0.1 mM (pH 7.3).




The standard external solution contained: NaCl, 140 mM; KCI, 5 rhM, CaCl,, 2

mM; MgCl;,1 mM; HEPES, 10 mM (pH 7.3).

The NMDG external solution contained: NMDG CI, 140 mM; KCI, 5 mM, CaCl,,

2 mM; MgClz,1 mM; HEPES, 10 mM (pH 7.3).

The sodium methane sulphonate external solution contained: sodium methane
sulphonate, 140 mM; KCI, 5 mM, CaCl;, 2 mM; MgCl;,1 mM; HEPES, 10 mM

(pH 7.3).

2.7 CELL SURVIVAL/PROLIFERATION AND CELL CYCLE ASSAYS

2.7.1 Trypan blue method

HLMC were plated out at 5 x 10* cells per well, and HMC-1 cells were plated
out at 2.5 x 10* cells per well in 24 well plates in duplicate. HLMC were plated in
1ml (final volume) of DMEM 10% FBS containing 1% antibiotic/antimycotic, 1%
non-essential amino acids and 100 ng/ml of SCF. HMC-1 cells were plated in
1ml (final volume) of Iscove’s medium containing 10% iron-supplemented foetal
calf serum and 1.2 mM -thioglycerol. The appropriate virus was added to each
condition at a multiplicity of infection (MOI) of 10 infective units (IU) per cell.
This is the equivalent of about 1000 virus particles (VP) per cell. The cells were
incubated at 37°C in a humidified incubator flushed with 5% CO, for the
indicated time. At the end of the incubation, cells were removed and centrifuged

at 250 g for 5 minutes. The cells were resuspended in 20 pl of DMEM and 20 pli




of trypan blue solution was added. Cells were then counted and viability was

assayed by exclusion of trypan blue dye using a haemocytometer.

2.7.2 Apoptosis assays

Apopotosis was assayed using propidium iodide (Pl) and annexin V staining.
HLMC and HMC-1 cells were plated out at 2 x 10° cells per well in 1ml (final
volume) of appropriate medium in duplicate in a 24 well plate. HLMC were
plated in DMEM 10% FBS containing 1% antibiotic/antimycotic, 1% non-
essential amino acids and 100 ng/ml of SCF. HMC-1 cells were plated in
Iscove’s medium containing 10% iron-supplemented foetal calf serum and 1.2
mM -thioglycerol. The appropriate adenovirus was added to each condition at
an MOI of 10 IU per cell. Cells were incubated for 24 or 48 h at 37°C in a
humidified incubator flushed with 5% CO,. After the incubation, the duplicate
wells were combined and the cells were centrifuged at 250 g for 5 minutes. The
supernatant was removed and the cell pellets were washed in 2 ml of cold PBS
and split into 4 FACS tubes (500 pl per tube). The tubes were then centrifuged
again at 250 g for 5 min. The cell pellets were then resuspended in 195 pl of
either annexin binding buffer (ABB) or Hepes buffer without calcium (essentially
ABB but without calcium). 1 pl of FITC conjugated annexin V was added to the
annexin control (tube 1 — the Hepes buffer without calcium), the annexin in ABB
(tube 2) and the annexin plus Pl (Tube 4) conditions. The tubes were then
incubated at room temperature for 15 min. Samples were then analysed using 2
colour flow cytometry FACS. For the conditions containing PIl, 2 pl of Pl was

added to the tube immediately prior to loading into the FACScan.




Tube conditions for apoptosis assays

Tube | ABB or Hepes (w/o cal) Condition Annexin PI

1 Hepes (10mM) 195 pl (wo | Annexin control 1 ul -
calcium)

2 ABB 195 pl Annexin 1l -

3 ABB (10mM) 195 pl PI - 2l

4 ABB 195ul Annexin + PI 1 pl 2pl

2.7.3 Proliferation assays — *H-thymidine uptake

For the 3H-thymidine uptake proliferation assays, 100 ul of HMC-1 media (see
section 2.1.2) or HLMC culture media supplemented with 2x final concentration
of cytokines (see section 2.1.3) containing 8 x 10* HLMC and 4 x 10® HMC-1
cells, respectively, were plated out into a V bottom 96 well plate in triplicate. 100
pl of either HMC-1 media or HLMC culture media was then added to the control
wells. 8 x 10* and 4 x 10* infective units (IU) of Ad5C20Att01 adenovirus
(BioFocus DPI, Galapagos, Leiden, The Netherlands) were diluted into 100 pl of
HLMC culture medium and HMC-1 culture medium, respectively, and added to
the appropriate cells. Thus the final multiplicity of infection (MOIl) was 10 1U /
mast cell of either the GFP cDNA control virus (Batch #12538) or the custom
made MS4A2 novel truncation cDNA virus (Batch #15451). A low control
containing either HLMC in culture media without the addition of cytokines, or

HMC-1 cells in HMC-1 media without FBS were also included.

Cells were then incubated for 80 h with the viruses at 37°C in a humidified
incubator flushed with 5% CO,. After 80 h, the cells were centrifuged at 250 x g
for 5 minutes and the supernatants removed. The cell pellets were then

resuspended in 200 pl of either HMC-1 media or HLMC culture media




supplemented with cytokines containing 1 pl / ml of *H-thymidine (Amersham) to
make a final concentration of 37 kBq per well. The cells were then incubated for
16 h at 37°C in a humidified incubator flushed with 5% CO,. Following the
incubation, the plates were then centrifuged at 400 x g for 5 min and the
supernatant was removed and discarded. The cells pellets were washed 2 x
with 200 pl of PBS by centrifugation (400 x g for 5 min each). Cell pellets were
then resuspended in 5 % TCA and incubated for 1 hour at 4°C. The cells were
again centrifuged at 400 x g for 5 min and the supernatant discarded. 50 pl of
absolute ethanol was added to each well and left overnight to evaporate. The
following day, 200 pl of 1% SDS was added to each well and mixed thoroughly.
This was then added to 10 ml of liquid scintillant and read in a scintillation
counter. Data was retrieved as counts per minute and calculated by removing

the background counts (using 200 ul of 1% SDS in 10 ml of scintillant).

2.7.4 Cell cycle analysis

For the analysis of the cell cycle | used flow cytometry and propidium iodide (P1)
after incubation with RNAse A. The same cells were used as for the apoptosis
assays (section 2.7.2). The remaining cells after the apoptosis assays were
fixed overnight in 70% ethanol at 4°C, centrifuged at 250 g for 8 min and
resuspended in PBS 0.1% BSA and stored at 4°C until analysis. Prior to
analysis, cells were washed 2 x in PBS and resuspended in 100ul of PBS. Cells
were then incubated for 30 min with 100ug/ml RNAse A at room temperature,
stained with 3 pg/ml PI for 30 min and analyzed on the BD FACSCanto flow
cytometer. Data was acquired on forward scatter (FCS) against light side

scatter (SSC) and a secondary gate was placed around the single cell




population on a pulse area versus pulse width dot plot and analyzed for cell

cycle analysis.

2.8 PROTEIN EXPRESSION ASSAYS

2.8.1 Flow cytometry

For the analysis of protein expression, and for the regulation of FceRI
expression, | used single colour flow cytometry. Flow cytometry was performed
on either live cells, for surface expression, or fixed and permeabilised cells, for
intracellular staining. Where adenoviruses were used, 2 x 10° HLMC or HMC-1
cells were plated out into a 24 well culture dish and incubated with
Ad5C20Att01 adenoviruses at an MOI of 10 U / cell in a final volume of 1 ml.
For flow cytometry, cells were incubated with the virus for either 24 or 48 h prior

to analysis.

2.8.1.1 Intracellular staining for flow cytometry

For the intracellular staining, HLMC or HMC-1 cells were removed from culture
and centrifuged at 250 x g for 8 minutes. The cells were resuspended in PBS
containing 0.5% BSA at 1 x 10° cells / ml. 1 ml of cells in PBS 0.5% BSA was
added to each FACS tube and the cell were again centrifuged at 300 x g for 5
min. The supernatant was discarded by inversion and blotting on a paper towel
before the supernatant was resuspended in 1 ml of PBS 4% paraformaldehyde
and incubated on ice for 15 min to fix the cells. The cells were then centrifuged
at 300 x g for 5 min and the supernatant discarded by inversion. The cells were

then resuspended in 1 ml PBS 0.5% BSA + 0.1% saponin and centrifuged




again at 300 x g for 5 min. The supernatant was again discarded and the cell
pellet was resuspended in 100 pl of primary antibody (concentrations given for
each application in results section) and incubated on ice for 45 min. 1 ml of PBS
0.5% BSA + 0.1% saponin was added to each tube and the tubes were
centrifuged at 300 x g for 5 min. The supernatant was discarded and 100 pl of
FITC labelled secondary antibody (DAKO) was added to each cell pellet at a
dilution of 1:10 with PBS 0.5% BSA + 0.1% saponin and incubated for 45 min
on ice and protected from light. 1 ml of PBS 0.5% BSA + 0.1% saponin was
added to each tube and centrifuged at 300 x g for 5 min. The supernatant was
discarded and the cell pellets were resuspended in 300 pl of PBS 0.5% BSA +

0.1% saponin ready for analysis using the FACScan machine.

2.81.2 Extracellular staining for flow cytometry

For extracellular staining, the cells were removed from culture and centrifuged
at 250 x g for 8 min. The supernatant was removed by inversion and blotting on
a paper towel and then the cells were resuspended in PBS 0.5% BSA at a
concentration of 1 x 10° cells / ml. 1 ml of cells was added to each FACS tube
and centrifuged at 300 x g for 5 min. The supernatant was discarded and the
cell pellet was resuspended in 100 pl of primary antibody (concentrations given
for each application in results section) and incubated on ice for 45 min. 1 ml of
PBS 0.5% BSA was added to each tube and the tubes were centrifuged at 300
x g for 5 min. The supernatant was discarded and 100 pl of FITC labelled
secondary antibody (DAKO) was added to each cell pellet at a dilution of 1:10
with PBS 0.5% BSA and incubated for 45 min on ice and protected from light. 1

ml of PBS 0.5% BSA was added to each tube and centrifuged at 300 x g for 5




min. The supernatant was discarded and the cell pellets were resuspended in

300 pl of PBS 0.5% BSA ready for analysis using the FACScan machine.

2.8.2 Western blotting

HLMC and HMC-1 cells (4x10°) from the indicated conditions were washed with
cold PBS and resuspended in ice-cold RIPA lysis buffer containing protease
inhibitors. The insoluble debris was removed by centrifugation at 10,000 g for
10 min. Proteins were then mixed with 2 x SDS loading buffer and heated at
100°C for 10 min. Proteins were then loaded into a 12 % NuPAGE Novex gel
(Invitrogen) and run for 1 h at 200V. For protein lysate staining, the gel was then
stained using SimplyBlue™ SafeStain (Invitrogen) for 1 h to visualize
overexpression. For western blotting, the proteins were blotted onto a
nitrocellulose membrane after the electrophoresis. The membranes were
blocked in 5% non-fat milk in PBS 0.1% Tween20 for 3 hours at 4°C.
Membranes were then incubated with primary antibodies (concentrations given
for each application in results section) in 0.5% non-fat milk in PBS 0.1%
Tween20 overnight at 4°C. The following day, membranes were washed 3 times
in PBS 0.1% Tween20. Horse radish peroxidase conjugated secondary
antibodies were added according to manufacturer’s specifications (Dako) and
incubated for 1 h at room temperature. Membranes were washed 3 times in
PBS 0.1% Tween20. Bands were visualised ECL reagent (Amersham) and

exposed to photographic film.




TABLE 2.7: Antibodies used

Antibody

Anti CD117 (mouse anti-
human) (monoclonal)

MS4A2 N-terminal (N-17)
(Goat anti-human)
(polyclonal)

MS4A2 extracellular loop
(S-17) (Goat anti-human)
(polyclonal)

MS4A2 C-terminal (C-18)
(Goat anti-human)
(polyclonal)

Cdk2 phospho T160
(ab47330) (Rabbit anti-
human) (polyclonal)

Cdk1 (ab6537) (Rabbit
anti-human) (polyclonal)

Cdk1 phospho Y15
(ab47594) (Rabbit anti-
human) (polyclonal)

FceRI alpha (clone 3G6)
(Mouse anti-human)
(monoclonal)

Supplier

BD Biosciences

Santa Cruz
Biotechnology

Santa Cruz
Biotechnology

Santa Cruz
Biotechnology

AbCam

AbCam

AbCam

Upstate
Biotechnology

Method used

HLMC isolation

Western
Blotting

Western
Blotting / IF

Western
Blotting / IF

Western
Blotting

Western
Blotting

Western
Blotting

FACS

Dilution

N/A

1:400

1:400/1:20

1:400/1:20

1:1000

1:1000

1:1000
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3 RESULTS

3.1 RT-PCR

3.1.1 MS4A gene family expression in human mast cells

In order to identify the expression of the MS4A gene family in human mast cells,
| first needed to identify the family members expressed without the added
complication of splice variants. Therefore, | performed RT-PCR with regions of
mRNA which are homologous between splice variants. Thus with this approach
| found that MS4A2 was expressed in the human lung mast cells (HLMC), the
HMC-1 cells and the LAD-2 cells (Figure 3.1). The expression of MS4A4,
however, was less obvious. There was a strong band in the LAD-2 cells, but this
was much less obvious in both the HLMC and HMC-1 cells (Figure 3.1).
Similarly, with both MS4A6 and MS4A7 there were clear bands with the LAD-2
cells RNA (Figure 3.1), but again with the HMC-1 cells and the HLMC these
bands were less apparent. The bands from the LAD-2 cells were gel excised
and cloned into pGEM T easy vectors prior to DNA sequencing which confirmed

the specificity of the reaction.

The fact that the primers all worked with the LAD-2 cells demonstrates that the
primers will amplify the products. However, the expression of these gene family
members still needed to be confirmed in HMC-1 and HLMC. Reasons for this
could be the quality and quantity of RNA obtained from the primary cells.
Indeed, Figure 3.1 suggests that the amount of integral RNA in the HLMC
samples was less than that obtained from the LAD-2 cells since the intensity of
the band for MS4A2 was less than that in both the HMC-1 cells and the LAD-2

cells. This is counterintuitive since MS4A2 is a component of the IgE receptor




which is more highly expressed in HLMC than either the LAD-2 or the HMC-1
cells. Therefore, the method for RNA isolation was subsequently changed (see

Materials and Methods).
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Figure 3.1: RT-PCR for MS4A gene expression in human mast cells.

Figure showing the RT-PCR products run through an agar gel demonstrating
that LAD-2 cells express all 4 of the genes studied. HMC-1 cells and HLMC
both express MS4A2, but the expression of the other family members could not

be confirmed using this approach. Confirmation of the expression profiles in

these cell types is given later in this chapter.



3.2 IDENTIFICATION, CLONING AND SEQUENCING OF MS4A GENE
FAMILY

3.2.1 MS4A gene family cloning

For the identification and cloning of expressed MS4A gene family members,
primers were designed that contained the full open reading frame of the known
sequences for each of the known splice variants of the MS4A gene family
members shown to be expressed with the RT-PCR. Thus the production of the
clones would also serve as a method of identification for the splice variants
expressed. Since the LAD-2 cells express all of the MS4A gene family members
to be studied, and since the quantity and quality of the RNA obtained from the
LAD-2 cells was greater than with the HLMC and HMC-1 cells, | started by
identifying and consequently cloning the splice variants expressed in LAD-2
cells. Using these primers | were able to demonstrate that the LAD-2 cells
expressed the full length open reading frames for MS4A2, MS4A6 variant 1 and
both the long and short variants for MS4A7 (Figure 3.2A). Disappointingly, the
primers for MS4A4 did not work using this protocol. However, subsequent
changes in the RT-PCR protocol resolved this issue and the MS4A4 primers
worked which demonstrated that the LAD-2 cells express variant 1 of MS4A4
(Figure 3.2B).

However, whilst cloning and sequencing the expected products | also
cloned the unexpected products from the gel (Figure 3.2A), which when
sequenced were identified as both known and novel splice variants. These
splice variants consisted of truncations of the known variants where either an
exon was removed, or had been replaced with a different exon. This is not

uncommon with the MS4A gene family since both the long and short variants of




MS4A7 have identical sequences except for a truncation in the shorter variant
which is missing exon 2 (Figures 3.12 & 3.13). This is the case for the novel
splice variant of MS4A2 which | identified as the shorter, but distinct, band
visible in the MS4A2 lane of the gel (Figure 3.2A). This novel variant is missing
exon 3 which results in a truncation, the consequence of which, is the loss of
two of the membrane spanning domains (described in detail later on). Similarly,
the multiple bands evident in the MS4A6 lane were splice variants that were
present rather than non-specific amplification. This was discovered after
isolating several colonies of E. coli which had been transformed with the MS4A6
clones. After isolating the cDNA from the bacteria and incubating with the
incorporated restriction enzymes, digests of the cDNA had products which
differed in size (Figure 3.3). Subsequent sequencing identified them as a novel

variant and a known polymorphism truncation of MS4A6 variant 1.




500bp

Figure 3.2: RT-PCR cloning of the full length open reading frame of MS4A
gene family members and their splice variants in LAD-2 cells.

A) RT-PCR products from the LAD-2 RNA. Important to note that the lane on
the far right which used the primers for MS4A2 had 2 distinct bands. The larger
band (735 bp) was indeed MS4A2, but the shorter band (597 bp) was a novel
truncation of MS4A2 which was missing exon 3. For MS4AG6, there appeared to
be several bands and after sequencing several colonies there were at least 3
variants of MS4A6 expressed. MS4A7 appeared to have a single band which
corresponded more to the short variant (588 bp) rather than the long variant
(723 bp). However, both variants were present in different colonies when
sequenced which may account for the smeared appearance of the band. B)
Changing the PCR conditions enabled the successful cloning of MS4A4 variant
1 which did not work in the initial cloning protocol. MS4A6 variant 1 was re-

cloned due to a single point mutation in the original clone.

( 8 )



Figure 3.3: Restriction enzyme digests of cDNA obtained from
transformed E. coli.

Figure shows the restriction enzymes digests performed to confirm the uptake
of the plasmid vectors containing the clones by highly competent JM109 E. coli.
cDNA of the vector pGEM T Easy containing the cDNA clones was treated with
EcoRIl and ran on a gel. MS4A2 has no EcoRI restriction sites within its
sequence and so appears as the full length cDNA. MS4A4 and MS4A6
however, both contain an EcoRI site within their open reading frame and so are
cleaved into two pieces which appear smaller and can be seen as a double
band. It is still evident that MS4A6 has got bands of different sizes from the
different colonies which turned out to be unexpected splice variants after
sequencing. The 2 left columns which were thought to be MS4A6 variant 1
turned out to be the known polymorphism of MS4A6 variant 1 which had the

stop codon removed for GFP tagging.



| next began to clone the MS4A gene family members expressed in HLMC. The
integrity and quantity of RNA available from these cells was not as good as with
the LAD-2 cells. Therefore, with disappointing yields, | was unable to isolate as
many of the clones as with the LAD-2 cells. | was, however, able to isolate both
of the long and short variants of MS4A7 and both the known variant and the

novel truncation of MS4A2 (Figures 3.4 & 3.5).

Figure 3.4: RT-PCR cloning of the full length open reading frame of MS4A
gene family members and their splice variants in HLMC.

RT-PCR cloning was carried out on HLMC RNA pooled from 4 donors. The
same double band could be seen with the MS4A2 primers in the HLMC as was
evident with the LAD-2 cells, but interestingly, the smaller band for the novel
variant appears stronger in the HLMC than in the LAD-2 cells. In addition, the
band present in the MS4A7 lane was comparable to the LAD-2 cells and also
showed that both variants were present when sequenced. The MS4A4 lanes
were negative, but this was using the old RT-PCR protocol which also did not
work in the LAD-2 cells. MS4A6 variant 1 had a band which was smaller than
expected, but given the number of splice variants present in the LAD-2 cells,
this band was excised, cloned and sequenced, but turned out to be non-specific

amplification.



Figure 3.5: Restriction enzyme digests of cDNA excised from the gel of
Figure 3.4 and cloned into JM109 E. coli.

This figure demonstrates that both of the long and short variants of MS4A7
were present in HLMC. 4 clones in total were obtained from the HLMC, and

their sequences were identical to the clones from the LAD-2 cells.

3.2.2 Cloned sequences of the MS4A gene family

The cloning process revealed that there were 8 MS4A gene family members
expressed in the LAD-2 cells, and that at least 4 of these were also expressed
in the HLMC. The gene family members expressed were MS4A2, a novel
truncation of MS4A2 (MS4A2truc), MS4A4 variant 1, MS4A6 variant 1, MS4A6

variant 1 polymorphism, MS4A6 novel variant, MS4A7 variant 1 and MS4A7

variant 2.



MS4A2 open reading frame
atg gac aca gaa agt aat agg aga gca aat ctt get etc cca cag gag cct tee agt gtg
M D T E s N R

cct gca ttt gaa gtc ttg gaa ata tct ccc cag gaa gta tct tea ggc aga eta ttg aag
P A F E v L E I s P o) E v S S G R L L K

teg gee tea tec cca cca ctg cat aca tgg ctg aca gtt ttg aaa aaa gag cag gag ttc
S A S S P P L H T w L T v L K K E Q E F

ctg ggg gta aca caa att ctg act get atg ata tgc ctt tgt ttt gga aca gtt gtc tgc
L G v T Q I L T A M I Cc L c F G T v v C
tct gta ctt gat att tea cac att gag gga gac att ttt tea tea ttt aaa gca ggt tat
G

cca ttc tgg gga gcc ata ttt ttt tct att tct gga atg ttg tea att ata tct gaa agg
G R

aga aat gca aca tat ctg gtg aga gga age ctg gga gca aac act gcc age age ata get

ggg 99a acg gga att acc aFe ctg ate ate aac ctg aag aag age ttg gcc tat ate cac

ate cac agt tgc cag aaa ttt ttt gag acc aag tgc ttt atg get tee ttt tee act gaa

att gta gtg atg atg ctg ttt etc acc att ctg gga ctt ggt agt get gtg tea etc aca
G

ate tgt gga get ggg gaa gaa etc aaa gga aac aag gtt cca gag gat cgt gtt tat gaa

gaa tta aac ata tat tea get act tac agt gag ttg gaa gac cca ggg gaa atg tct cct

E L N I Y s A T Y S E L E D P G E M S P

ccc att gat tta taa
P I D L

Figure 3.6: The full open reading of MS4A2.
The sequence of MS4A2 with the nucleic acid sequence in lower case and the
proposed amino acid sequence in capitals. The section highlighted in red

corresponds to exon 3 which is missing in the novel variant.



MS4A2..nc Oopen reading frame

atg

cct

tcg

ctg

ctg

acc

aaa

ctg

gaa

tca
S

gac
gca
gcc
999
G
gtg
atc
ttt
ttt
gaa

gct
A

aca

ttt

tca

ttt

aga

ctg

ttt

ctc

ctc

act
T

gaa

gaa

tcc

tct

gga

atc

gag

acce

aaa

tac
Y

agt
gtc
cca
att
agc
atc
acc
att
gga
G

agt
]

aat

ttg

cca

tct

ctg

aac

aag

ctg

aac

gag
E

agg
gaa
ctg
gga
G
gga
ctg
tgc
gga
aag

ttg
L

aga

ata

cat

atg

gca

aag

ttt

ctt

gtt

gaa
E

gca

tct

aca

ttg

aac

aag

atg

ggt

cca

gac
D

aat

ccc

tgg

tca

act

agc

gct

agt

gag

cca
P

ctt

cag

ctg

att

gce

ttg

tcc

gct

gat

999
G

gct

gaa

aca

ata

agc

gce

ttt

gtg

cgt

gaa
E

ctc

gta

gtt

tct

agc

tat

tcc

tca

gtt

atg
M

cca

tct

ttg

gaa

ata

atc

act

ctc

tat

tct
S

cag

tca

aaa

agg

gct

cac

gaa

aca

gaa

cct
P

gag
ggc
G
aaa
aga
999
G
atc
att
atc
gaa

ccc
P

Figure 3.7: The full open reading of MS4A2,,,,,c variant.

The sequence of MS4A2,,,. with the nucleic acid sequence in lower case and

the proposed amino acid sequence in capitals.

cct
aga
gag
aat
gga
G
cac
gta
tgt
tta

att
I

tcc

cta

cag

gca

acg

agt

gtg

gga

aac

gat
D

agt
ttg
gag
aca
gga
G
tgc
atg
gct
ata

tta
L

gtg

aag

ttc

tat

att

cag

atg

999

tat

taa




MS4A4A Variant 1 open reading frame

atg
M

ctg

L

aag

atg

tat

gca

age

ttec

ate

gtg

att

tga

Figure 3.8: The full open reading of MS4A4 variant 1.

The sequence of MS4A4 variant 1 with the nucleic acid sequence in lower case

aca

gga

gga

gga

ate

gca

tct

cat

tta

tcec

ctg
L

acc
aac
gaa
ata
gég
gga
gta
cac
atg
etc

cca
P

atg
M

atg
M
ccc
aca
tac
att
ctg
cct
ggt
G
tct

tea
S

caa

get

aaa

atg

aca

aga

get

tac

ctg

gcc

cat
H

gga
G

gtc
v

gtc
v

atg
M
att
act
gca
tgt
gat

ttt

tct
S

atg
M
ata
ctt
tgt
tgg
w
aca
tea
aac
ggc
gga

cac
H

gaa

cat

gg99
G

atg

atg
tgt

atg
M

cag

tea

gtt

gca

tea

ggc

ate

tat

gtg

aaa

gca
A

gcc

cat

gtg

tct

gta

ctg

tta

ggc

etc

gtg

gaa
E

atg
M

ctg

L

cag

aat

atg

gtc

ate

aac

etc

etc

aca
T

cca
tgg
W
att
act
ttt
cga
aac
tea
tta
tgt

gca
A

ggg
aaa
ctg
tat
att
ggt
aca
aat
agt
tgt

tct
S

get
gga
G
act
gga
att
agt
ttt
aat
gtg
acc

ccec
P

and the proposed amino acid sequence in capitals.

ggc
G
ttg
gcc
agt
tea
eta
age
tgt
ctg
cct

aca
T

cct ggt
P G

caa gag
Q E

ctg atg
L M

aac cct
N P
BamHI
gga tcc
G S

gga atg
G M

ttg geg
L A
cat ggg
H G

ECORI
gaa ttc
E F

ggt 999
G G

cca ctt
P L

gtg

aag

age

att

ttg

aat

ttt

act

tgc

gtt

aat
N

ccc

ttc

ctt

tce

tea

ate

tat

atg

att

gtg

gag
E

cag

ttg

age

gtg

att

acc

tea

tcc

get

tta

gtt
v



MS4AGA Variant 1 open reading frame
atg aca tca caa cct gtt ccc aat gag acc atc ata gtg ctc cca tca aat gtc atc aac

M T ] Q P v P N E T I I v L P S N V I N

ttc tcc céa gca gag aaa CCC gaa CCC acc aac cag ggg cag gat agc ctg aag aaa cat
G
cta cac gca gaa atc aaa gtt att ggg act atc cag atc ttg tgt ggc atg atg gta ttg
G
agc ttg ggg atc att ttg gca tct gct tcc ttc tct cca aat ttt acc caa gtg act tct
G
aca ctg ttg aac tct gct tac cca ttc ata gga ccc ttt ttt ttt atc atc tct ggc tct
G
cta tca atc gcc aca gag aaa agg tta acc aag ctt ttg gtg cat agc agc ctg gtt gga
R
agc att ctg agt gct ctg tct gcc ctg gtg ggt ttc att atc ctg tct gtc aaa cag gcc

acc tta aat cct gcc tca ctg cag tgt gag ttg gac aaa aat aat ata cca aca aga agt
T L N P A 8 L Q (o] E L D K N N I P T R S

tat gtt tct tac ttt tat cat gat tca ctt tat acc acg gac tgc tat aca gcc aaa gcc

Y v ] Y F Y H D ] L Y T T D C Y T A K A
EcoRI

agt ctg gct gga act ctc tct ctg atg ctg att tgc act ctg ctg gaa ttc tgc cta gct

G T L S L M L I C T L L E F C L A

gtg ctc act gct gtg ctg cgg tgg aaa cag gct tac tct gac ttc cct ggg agt gta ctt
R w K Q A Y S D F P G S v L

ttc ctg cct cac agt tac att ggt aat tct ggc atg tcc tca aaa atg act cat gac tgt
F L P H S Y I G N ] G M S S K M T H D C

gga tat gaa gaa cta ttg act tct taa
G Y E E L L T S -

Figure 3.9: The full open reading of MS4A6 variant 1.
The sequence of MS4A6 variant 1 with the nucleic acid sequence in lower case
and the proposed amino acid sequence in capitals.




MS4AG6A Variant 1 polymorphism open reading frame

atg aca tca caa cct gtt ccc aat gag acc atc ata gtg ctc cca tca aat gtc atc aac

ttc tcc caa gca gag aaa CCC gaa CCC acc aac cag ggg cag gat agc ctg aag aaa cat

cta cac gca gaa atc aaa gtt att ggg ttt atc atc tct ggc tct cta tca atc gcc aca

gag aaa agg tta acc aag ctt ttg gtg cat agc agc ctg gtt gga agc att ctg agt gct
R

ctg tct gcc ctg gtg ggt ttc att atc ctg tct gtc aaa cag gcc acc tta aat cct gcc

tca ctg cag tgt gag ttg gac aaa aat aat ata cca aca aga agt tat gtt tct tac ttt
8 L Q C E L D K N N I P T R ] Y v S Y F

tat cat gat tca ctt tat acc acg gac tgc tat aca gcc aaa gcc agt ctg gct gga act

Y H D 8 L Y T T D C Y T A K A S L A G T
EcoRI

ctc tct ctg atg ctg att tgc act ctg ctg gaa ttc tgc cta gct gtg ctc act gct gtg

L 8 L M L I C T L L E F C L A v L T A v

ctg cgg tgg aaa cag gct tac tct gac ttc cct ggg agt gta ctt ttc ctg cct cac agt
R w K Q A Y S D F P G S v L F L P H ]

tac att ggt aat tct ggc atg tcc tca aaa atg act cat gac tgt gga tat gaa gaa cta
G N S G M S S K M T H D (o] G Y E E L

ttg act tct taa
L T 8 -

Figure 3.10: The full open reading of MS4A6 variant 1 polymorphism.
The sequence of MS4A6 variant 1 polymorphism with the nucleic acid
sequence in lower case and the proposed amino acid sequence in capitals.




MS4AG6A novel variant open reading frame

atg aca tca caa cct gtt ccc aat gag acc atc ata gtg ctc cca tca aat gtc atc aac
ttc tcc caa gca gag aaa CCC gaa CCC acc aac cag ggg cag gat agc ctg aag aaa cat
G
cta cac gca gaa atc aaa gtt att ggg ttt atc atc tct ggc tct cta tca atc gcc aca
G
gag aaa agg tta acc aag ctt ttg gtg cat agc agc ctg gtt gga agc att ctg agt gct
ctg tct gcc ctg gtg ggt ttc att atc ctg tct gtc aaa cag gcc acc tta aat cct gcc
cca ctg cag tgg aac tct ctc tct gat gct gat ttg cac tct gct gga att ctg cct agc
W

N S L S D A D L H S A G I L P S

tgt gct cac tgc tgt gct gcg gtg gaa aca ggc tta ctc tga
o A H [ Cc A A V E T G L L -

Figure 3.11: The full open reading of MS4A6 novel variant.
The sequence of MS4A6 novel variant with the nucleic acid sequence in lower
case and the proposed amino acid sequence in capitals.




MS4A7 long variant (variant 1) open reading frame

atg eta tta caa tcc caa acc atg ggg gtt tct cac age ttt aca cca aag ggc ate act
ate cct caa aga gag aaa cct gga cac atg tac caa aac gaa gat tac ctg cag aac ggg
ctg cca aca gaa acc acc gtt Ctt ggg9 act gtc cag ate ctg tgt tgc ctg ttg att tea
G
agt ctg ggg gcc ate ttg gtt ttt get ccc tac ccc tcc cac ttc aat cca geca att tee
BamHI
acc act ttg atg tct ggg tac cca ttt tta gga get ctg tgt ttt ggc att act gga tcc
G
etc tea att ate tct gga aaa caa tea act aag ccc ttt gac ctg age age ttg acc tea
aat gca gtg agt tct gtt act gca gga gca ggc etc ttc etc ctt get gac age atg gta
v G G
gcc ctg agg act gcec tct caa cat tgt ggc tea gaa atg gat tat eta tcc tea ttg cct
G
tat teg gag tac tat tat cca ata tat gaa ate aaa gat tgt etc ctg acc agt gtc agt
tta aca ggt gtc eta gtg gtg atg etc ate ttc act gtg ctg gag etc tta tta get gca
G
tac agt tct gtc ttt tgg tgg aaa cag etc tac tcc aac aac cct ggg agt tea ttt tcc
teg acc cag tea caa gat cat ate caa cag gtc aaa aag agt tct tea egg tct tgg ata
R

s T s D H I Q v K K s s s s w I
Q Q Q

taa

Figure 3.12: The full open reading of MS4A7 variant 1.
The sequence of MS4A7 variant 1 with the nucleic acid sequence in lower case

and the proposed amino acid sequence in capitals.



MS4A7 short variant (variant 2) open reading frame

atg eta tta caa tcc caa acc atg ggg gtt tct cac age ttt aca cca aag ggc ate act
M L L Q s Q T M G v ] H S F T P K G

ate cct caa aga gag aaa cct gga cac atg tac caa aac gaa gat tac ctg cag aac ggg
I P Q R E K P G H M Y Q N E D Y L Q N G
BamHI
ctg cca aca gaa acc acc gtt Ctt ggg ttt ggc att act gga tee etc tea att ate tct
L P T E T T v L G F G I T G s L s I I s

gga aaa caa tea act aag ccc ttt gac ctg age age ttg acc tea aat gca gtg agt tct
G

gtt act gca gga gca ggc etc ttc etc ctt get gac age atg gta gcc ctg agg act gee

G G

tct caa cat tgt ggc tea gaa atg gat tat eta tee tea ttg cct tat teg gag tac tat
tat cca ata tat gaa ate aaa gat tgt etc ctg acc agt gtc agt tta aca ggt gtc eta
gtg gtg atg etc ate ttc act gtg ctg gag etc tta tta get gca tac agt tct gtc ttt
tgg tgg aaa cag etc tac tcc aac aac cct ggg agt tea ttt tcc teg acc cag tea caa

gat cat ate caa cag gtc aaa aag agt tct tea egg tct tgg ata taa
D H I Q Q v K K S S S R S \U I -

Figure 3.13: The full open reading of MS4A7 variant 2.
The sequence of MS4A7 variant 2 with the nucleic acid sequence in lower case

and the proposed amino acid sequence in capitals.



3.3 QUALITATIVE AND QUANTITATIVE REAL TIME PCR AND GENE
REGULATION

3.3.1 Qualitative real time RT-PCR for gene expression

Before performing quantitative real time RT-PCR, | first needed to confirm the
expression of the identified MS4A gene family members and splice variants in
the HLMC and HMC-1 cells. | achieved this through designing and optimising
the conditions for quantitative PCR. Thus | began with the LAD-2 cells since |

had already confirmed their expression in these cells.

3.3.1.1 Qualitative MS4A gene expression in LAD-2 cells

Using this approach, | was able to confirm that there was good expression of
MS4A2 in the LAD-2 cells (Figure 3.14). However, with the novel variant of
MS4A2 | could see that expression of this truncation was only induced with
stimulation of the cells with either IgE alone or with IgE plus antigen (Figure
3.14). This is interesting as it suggests an important role in cell function
following stimulation. | was also able to confirm the expression of MS4A4
variant 1 (Figure 3.14). Importantly, there were bands present in the no
template controls which had a similar product size to the bands for both MS4A2
and MS4A2 novel. However, using dissociation melting curves at the end of the
PCR reaction can distinguish between the expected melting temperature (Tr) of
the products and the production of primer-dimer complexes and non-specific
amplification in these cases (Figure 3.20). The T, of the primer-dimers varied

and usually had more than one peak, but was consistently different to the Tr, of
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the sample products (Figure 3.20). In addition, the products were sequenced to
confirm specificity.

| next examined the expression of the MS4A6 and MS4A7 variants.
Interestingly, all of these variants were expressed at very low levels in the
resting cells. However, like the novel variant of MS4A2, they were all much
more highly expressed after stimulation with IgE (Figure 3.15). The only
exception was the novel variant of MS4A6. There were multiple bands when
using these primers and all of the bands were stronger in the stimulated cells.
This could be due to the primers binding to other MS4A6 variants which have
identical sequences within them which are themselves upregulated following
stimulation. This is highly plausible given the number of variants of MS4A6 and
their high similarity. However, further study of all the possible expressed known

and novel variants was beyond the scope of this study.
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Figure 3.14: LAD-2 products using qualitative real time RT-PCR.

A) MS4A2 was present in all conditions. However, the novel variant of MS4A2
was only detectable after stimulation with either IgE alone, or with IgE/anti-IgE.
B) MS4A4 was also present in all conditions. Beta-actin was used as an internal
control, and reactions without any template (NTC) were used as controls for
primer-dimerisation. There was evidence of primer-dimers occurring in the

reactions which necessitated the use of dissociation curves to validate the data.



Unstimulated

* A *|
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i

IgE stimulated

Figure 3.15: LAD-2 products using qualitative real time RT-PCR.

The top panel shows that there was very little expression of either the MS4A6
variants or the MS4A7 variants at baseline. However, following stimulation with
IgE, there was good expression of all of the variants with the exception of the
novel variant of MS4A6, which was only minimally expressed and the primers
were amplifying more than one product. In addition, the short variant of MS4A7

appears to be the dominant variant expressed in LAD-2 cells.



3.3.1.2 Qualitative MS4A gene expression in HMC-1 cells

Since the methodology for the real time PCR worked consistently well with the
LAD-2 cells, | next looked to confirm the expression profile of the MS4A gene
family in the HMC-1 cells. The HMC-1 cells expressed most of the MS4A gene
family at baseline (Figure 3.16). The HMC-1 cells did not, however, express
MS4A4 or the novel variant of MS4A2 despite having bands in the gel. The
cycle threshold for amplification (C;) value was very low for both of these genes
only appearing in the very late forties, suggesting that they were primer-dimers.
In addition, the angle of slope in the quantitative PCR reaction was different for
the HMC-1 cells than they were for the LAD-2 cells which suggests a different
amplification efficiency. This is again indicative of non-specific binding. Thirdly,
the product size for both of these genes was the wrong size. Finally, the melting
point dissociation curves were not distinct peaks which is also very compelling
evidence of non-specific amplification. Therefore, | can conclude that | was
unable to detect the expression of either of these genes in HMC-1 cells.
However, interestingly the expression of the novel variant of MS4A6 was much
higher than that of the LAD-2 cells. Also of interest is MS4A7. Although both of
these cell types expressed both variants of MS4A7, they seem to express one
preferentially over the other. Thus with the LAD-2 cells, there was clearly higher
expression of the short variant of MS4A7 (Figure 3.15). Conversely, the HMC-1

cells seemed to preferentially express the long variant of MS4A7 (Figure 3.16).
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Figure 3.16: HMC-1 products using qualitative real time PCR.

This figure shows that HMC-1 cells express all of the studied MS4A gene family
members except for the novel variant of MS4A2 and MS4A4. The band present
in the novel MS4A2 lane was non-specific since it was too large and had a
dissociation curve with several random peaks which is indicative of primer-
dimer formation. Similarly, the band in the MS4A4 lane was too small with a
melting curve that had several small peaks. Interestingly, the HMC-1 cells
appear to express the novel variant of MS4A6 more highly than the LAD-2 cells.
In contrast to LAD-2 cells, the dominant MS4A7 variant expressed in HMC-1

cells was the long variant.

3.3.1.3 Qualitative MS4A gene expression in HLMC

HLMC expressed the majority of the MS4A gene family splice variants
examined. However, there was a degree of variability in expression between
donors, but this is typical of primary cells. HLMC consistently expressed
MS4A2. Thus 8/8 donors expressed MS4A2; 5/8 donors expressed the novel
variant of MS4A2 which was wusually activation-dependent; 7/8 donors
expressed MS4A4 variant 1; 6/8 donors expressed MS4A6 variant 1; 7/8 donors

expressed MS4A6 polymorphism, although the expression of this variant was



often activation-dependent (Figure 3.18); 0/8 donors expressed the MS4A6

novel variant; 7/8 donors expressed the short variant of MS4A7; and 5/8 donors

expressed the long variant of MS4A7.

200bp

Figure 3.17: HLMC products using qualitative real time PCR.

This figure shows the expression profile of a single HLMC donor at baseline.
This donor did not express MS4A4 or MS4A6 novel variant at baseline. There
was good expression of the other variants. The long variant of MS4A7 was
expressed but there was also amplification of a larger band (~500bp). This band
was evident in some donors, but not others. The presence of the band was

easily deciphered from the melting curve and quantitative data from donors that

had this larger band was not used.



Unstimulated IgE stimulated

Figure 3.18: HLMC products before and after IgE stimulation.

This figure shows the expression profile of a different HLMC donor both at rest
and following stimulation with IgE. This donor did not express the novel variant
of MS4A2 which shows a double band with 1 band larger and 1 band smaller
than the expected size. This pattern, in conjunction with the melting curves, was
typical of non-specific amplification of primer-dimer complexes. This donor also
did not express MS4A6 variant 1. The long variant of MS4A7 was also not
expressed. Interestingly, the expression of the MS4A6 polymorphism was not

evident at rest, but was expressed after sensitisation with IgE.
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Figure 3.19: Fibrocyte products using real time PCR.
This figure shows the expression profile of the MS4A gene family in peripheral

blood-derived fibrocytes. This gel is representative of 4 donors. Human primary
fibrocytes express MS4A2, MS4A4 variant 1, MS4A6 variant 1, MS4A6
polymorphism and both variants of MS4A7.



Table 3.1: Summary of MS4A gene family expression

HLMC LAD-2 HMC-1 Fibrocytes
MS4A2 MS4A2 MS4A2 MS4A2
MS4A2 Novel MS4A2 Novel
MS4A4A Variant 1 MS4A4A Variant 1 MS4A4A Variant 1

MS4AGBA Variant 1 MS4ABA Variant 1 MS4ABA Variant 1 MS4AGBA Variant 1

MS4A6A Polymorph MS4A6A Polymorph MS4AG6A Polymorph MS4A6A Polymorph

MS4A6 Novel MS4A6 Novel
MS4A7 Short MS4A7 Short MS4A7 Short MS4A7 Short
MS4A7 Long MS4A7 Long MS4A7 Long MS4A7 Long

Table 3.1: Interestingly, the novel variant of MS4A2 was only expressed in the
cells which have the high affinity IgE receptor. In addition, the novel variant of
MS4A6 was only expressed in the immortalised cell lines which originate from
patients with mast cell leukaemia / mastocytosis. These observations raise
questions. Could the novel variant of MS4A2 be a critical component of IgE
receptor signalling? Could the novel variant of MS4A6 be involved in

uncontrolled cell proliferation?

3.3.2 Quantitative real time RT-PCR

3.3.2.1 Confirming specificity of QPCR amplification

In order to trust the quantitative RT-PCR data, it was necessary to ensure that
the PCR reaction for each experiment was specific and that there was no
amplification of products other than the gene of interest (GOI). This can be
achieved in several ways. However, for QRT-PCR using SYBR Green as the
detection molecule, the convention is to use a dissociation (melting) curve for
each reaction at the end of the experiment. Melting points should be close to

the calculated melting point for the sequence expected to be amplified. Thus the




proposed melting point was calculated for each of the amplicon products using
the Oligo Calc (http://www.basic.northwestern.edu/biotools/oligocalc.html)
algorithm. The actual melting point could then be directly compared to the
proposed melting point for each product. It is also important to scrutinise the
characteristics of each melting curve as this can give important information as
to the quality and reliability of the data. Melting curves containing multiple peaks
(an example can be seen in Figure 3.20A in the no template control (NTC)),
humps adjoining the main peak (an example can be seen in Figure 3.23A in the
NTC), and even single peaks which have a wide temperature range throughout
the peak (an example of this type of peak can be seen in Figure 3.23B in the

NTC) must be treated with extreme caution and should usually be omitted.

Using the data from the melting curves allows for the full optimisation of the
reactions to gain maximum data with minimum non-specific amplification. Thus
optimisation was achieved using 200nM final concentration of primers for each
GOI. 250nM of primers also worked well, but there was a higher preponderance
for non-specific amplification on conditions with lower expression. Thus using
200nM primer concentration, consistent good quality melting curves were seen
in all conditions (typical examples of the melting curves are given in Figures

3.20-3.24).
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Dissociation Curve

MS4A2

MS4A2 rtrunc

Figure 3.20: Dissociation curves for ms4a2 and m s 4A 2trunc-

Using gradual increments in temperature the point at which the cDNA

dissociates is depicted as a peak. The NTC consistently had a different melting

temperature to the products and usually had a double peak.



Dissociation Curve

MS4A4

Dissociation Curve

MS4A6 var 1

Figure 3.21: Dissociation curves for MS4A4 and MS4A6 Variant 1.
MS4A4 and MS4A6 melting curves. There were consistently peaks in the NTC
for MS4A4, but these peaks were always easily distinguishable from the MS4A4
product. MS4A6 variant 1 primers yielded no NSB even after 50 cycles.



Dissociation Curve

MS4A6 polymorphism

NTC

Dissociation Curve

MS4A6 novel

Figure 3.22: Dissociation curves for MS4A6 polymorphism and MS4A6

novel variant.



Dissociation Curve

MS4A7 var 1

laafcXMTia

Dissociation Curve

MS4A7 var 2

Figure 3.23: Dissociation curves for MS4A7 variants.



Dissociation Curve

(3actin

Figure 3.24: Dissociation curves for p-actin.
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3.3.2.2 Determining the efficiency of the QPCR reaction

When performing comparative quantitative PCR, it is important to consider the
efficiency of the reactions. The most common method for the analysis of the
data in QPCR is the 242 algorithm which has been validated as a good
measure of gene expression ?°®. However, this method of analysis assumes
that the reaction efficiency of the GOI and the internal normaliser gene are the
same. In practice, this is rarely the case, but as long as the reaction efficiencies
are comparable the 222 algorithm is an acceptable method of analysis.
However, when studying several genes, the reaction efficiencies of all of the
genes are unlikely to be within 2% of each other. Therefore, in this instance it is
important to take the different efficiencies into account and add a correction for
efficiency into the algorithm. Since the efficiency of each reaction for each GOI
ranged from 72.7% to 101.7% (Figures 3.25-3.32) the data was corrected for

efficiency.
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Figure 3.25: Efficiency of MS4A2 QPCR reaction.
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Figure 3.26: Efficiency of ms4A2trunc QPCR reaction.
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Figure 3.29: Efficiency of MS4A6 polymorphism QPCR reaction
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Figure 3.30: Efficiency of MS4A6 novel variant QPCR reaction
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Figure 3.31: Efficiency of MS4A7 short variant QPCR reaction
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Figure 3.32: Efficiency of MS4A7 long variant QPCR reaction
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3.3.3 Quantitative real time RT-PCR for regulation of gene expression

Having established the expression profile of the MS4A gene family members in
HLMC, LAD-2 and HMC-1 cells, | next studied the regulation of gene
expression using the standard dogmatic method of activating mast cells. HLMC
and LAD-2 were stimulated with IgE alone or sensitised with IgE followed by
activation with anti-Ig. Since HMC-1 cells do not express FceRI, they were

stimulated with calcium ionophore.

3.3.3.1 MS4A2 variants

In HLMC, there was little modulation of expression of MS4A2 in any of the
conditions tested (Figure 3.33A). However, there was a very small, but
significant decrease in expression of MS4A2 with the addition of SCF compared
to the no SCF control (n=10, p=0.0158). Conversely, MS4A2,,. was regulated
greatly by SCF and anti-IgE stimulation. There was a significant increase in
expression of MS4A2,,,c with the addition of anti-IgE in the absence of SCF
(n=10, p=0.0469) (Figure 3.33A). In addition, there was marked downregulation
of expression with the addition of SCF (n=10, p<0.0001) (Figure 3.33A). This
downregulation was still evident after IgE stimulation (n=10, p<0.0001), but was

lost with the addition of IgE and anti-IgE (n=10, p=0.360).

For MS4A2 gene expression in LAD-2 cells, there was no regulation of either
gene variant expressed with the addition of IgE alone, or with IgE plus anti-IgE
in the absence of SCF (Figure 3.33B). However, the addition of 100ng/ml SCF
induced modest downregulation of MS4A2 (n=7, p<0.0001) and marked

downregulation of MS4A2y,,c (n=7, p<0.0001) (Figure 3.33B). This




downregulation of gene expression with the addition of SCF was inhibited by
activating the cells with both IgE alone, and with IgE plus anti-IgE (Figure
3.33B).

Since HMC-1 cells do not express MS4A2;.,.c, there was only regulation of
MS4A2 in these cells. Activation of the cells using calcium ionophore induced a
trend suggesting upregulation, but this did not reach significance (n=6, p=0.190)

(Figure 3.33C).
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Figure 3.33: SCF down-regulates the expression of m s 4A 2 trunc-

A) Quantitative real-time RT-PCR of MS4A2 and MS4A2truc expression in
HLMC cells. MS4A2tuc was upregulated with both IgE and IgE/anti-IgE
stimulation in the absence of SCF in HLMC. This upregulation by IgE and
IgE/anti-IgE was still evident in the presence of SCF when compared to the
non-stimulated cells. However, the expression was profoundly down-regulated
with the addition of SCF. Data presented as the mean + SEM of 10 experiments
from 5 separate donors. B) In LAD-2 cells, there was little regulation of either
MS4A2 or MS4A2trucby IgE and IgE/anti-IgE in the absence of SCF. In keeping
with HLMC, the addition of SCF profoundly down-regulated the expression of
MS4A2truc in LAD-2 cells. Data is the mean + SEM from 7 experiments. C) In
HMC-1 cells, there was a trend for the upregulation of MS4A2 with calcium
ionophore stimulation but this did not reach significance. Data is the mean %

SEM from 6 experiments. * p<0.05.



3.3.3.2 MS4A4

MS4A4 expression was studied in both HLMC and LAD-2 cells. In HLMC, there
was very little regulation of gene expression with no significant difference
between conditions (Figure 3.34A). In LAD-2 cells, there was also very little
regulation of gene expression. However, there was a very modest, but

significant decrease in expression with the addition of SCF (n=7, p=0.0018)

(Figure 3.34B).
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Figure 3.34: Regulation of expression of MS4A4 variant 1.
A) Quantitative real-time RT-PCR of MS4A4 expression in HLMC cells. B)

Quantitative real-time RT-PCR of MS4A4 expression in LAD-2 cells. * p<0.05.
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3.3.3.3 MS4AG6 variants

MS4AG6 variant expression varied between the cell types. MS4A6 variant 1 and
the truncated polymorphism of MS4A6 were expressed in all of the mast cells
examined. However, the novel variant of MS4A6 was only reliably expressed in
the LAD-2 cells. HLMC do not express the novel variant of MS4A6. The HMC-1
cells do express the novel variant of MS4A6 as shown earlier (Figure 3.16).
However, the melting curve for the QRT-PCR in HMC-1 cells had a wide peak
which was not the exact predicted melting temperature of the product. Although
running the products on a gel demonstrated expression, the quantification of
this expression should be treated with caution as there must have been some

degree of non-specific priming occurring in the reaction.

In the HLMC, there was good and consistent expression of MS4A6 variant 1 in
all donors used for QRT-PCR. In some donors there was roughly equal
expression of MS4A6 polymorphism at baseline. However, in other donors the
expression of the polymorphism was very low. In almost all donors, IgE-
dependent activation of the cells induced upregulation of MS4A6 variant 1
expression particularly with anti-IgE activated cells (n=10, p=0.0404) (Figure
3.35A). There was marked downregulation of gene expression with the addition
of SCF (n=10, p<0.0001 for each). MS4A6 polymorphism expression was
downregulated with the addition of SCF in the majority of donors. However, one
donor in particular showed marked upregulation with the addition of SCF which
increased with activation. Therefore, due to the variability in regulation, there
was no significant difference in expression between any of the conditions.

However, cross-reactivity with other MS4A6 gene family members cannot be




entirely ruled out since there are several other variants of MS4A6 which may be
expressed in mast cells. There were several bands present in the LAD-2 cells
after cloning MS4A6 and it is very likely that other MS4A6 variants were there
which were not cloned. It will therefore be difficult to delineate the role of each
splice variant in mast cell function. Furthermore, in LAD-2 cells there appears to
be differential regulation of expression for each of the variants detected (Figure
3.35B). However, these data are difficult to interpret without knowing the
function of each gene product. Although it does appear that SCF may be a key
determinant of gene function as gene regulation was much more marked in the

presence of SCF.

In HMC-1 cells there was upregulation of all of the expressed variants of
MS4AG6 with activation with calcium ionophore. Thus with the addition of 5 uyM
calcium ionophore MS4A6 variant 1, MS4A6 polymorphism and MS4A6 novel
were upregulated by 52.2 + 3.6, 20.1 £ 3.2 and 3.2 + 0.2 fold, respectively,
compared to the calibrator (n=3, p=0.0098, 0.0493 and 0.0119 respectively)

(Figure 3.35C).
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Figure 3.35: Regulation of MS4A6 gene variants in mast cells.

A) Regulation of MS4A6 variants expressed in HLMC. Activation with anti-IgE
induces the upregulation of MS4A6 variant 1. SCF markedly downregulates
expression of MS4A6 variant 1. MS4A6 polymorphism was too variably
expressed in HLMC to achieve statistically significant data. B) In LAD-2 cells
there was significant downregulation of each MS4A6 variant with the addition of
SCF. SCF also induced a greater reactivity to IgE and IgE/anti-IgE, particularly
for MS4A6 polymorphism. However, this was accompanied by a greater degree
of variability which resulted in the data not reaching significance. C) In HMC-1
cells all of the expressed MS4A6 variants were upregulated with the addition of

calcium ionophore. * p<0.05.
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3.3.3.4 MS4A7 variants

Interestingly, in support of a role for MS4A7 in cell survival and/or proliferation,
the expression of the MS4A7 variants varied in LAD-2 and HMC-1 cells. There
appears to be a dominant variant expressed in each cell type with LAD-2 cells
expressing the short variant more dominantly (Figure 3.15) which is down-
regulated in HLMC with the addition of SCF (Figure 3.36A), whilst the HMC-1
cells preferentially express the long variant (Figure 3.16) which is up-regulated
in HLMC following the addition of SCF (Figure 3.36A). This suggests that the
short variant may be anti-proliferative as it is reduced when SCF is present in
HLMC and is also the dominant variant in the slowly proliferating LAD-2 cells,
and the long (full) variant may be pro-proliferative since SCF increases the
expression in HLMC and it is the dominant variant present in the rapidly

proliferating HMC-1 cells.

However, the role of MS4A7 variants in cell proliferation may not be as clear as
these data suggest. In LAD-2 cells, there is still opposing regulation with SCF.
Thus with the addition of SCF, the expression of the short variant of MS4A7
increases and the expression of the long variant decreases (Figure 3.36B).
This is the reverse of that seen in HLMC. Both variants were also consistently
expressed in LAD-2 cells, whereas in the HLMC there was often no expression
of the long variant of MS4A7. Therefore, the role of these gene variants in

proliferation will need to be further explored.
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Figure 3.36: Regulation of MS4A7 gene variants in mast cells.

A) Regulation of MS4A7 variants in HLMC. The short variant of MS4A7 was
consistently expressed in all donors and was significantly downregulated with
the addition of SCF. The long variant of MS4A7 was rarely expressed.
However, the addition of SCF occasionally induced expression. Therefore, the
relative expression was huge when compared to no expression and as a result
of the variability, did not reach significance. B) The expression of both MS4A7
variants was always observed with the LAD-2 and HMC-1 (C) cells. However,
the regulation of expression in the LAD-2 cells was the opposite of that
observed in HLMC. Thus SCF reduced the expression of the long variant of
MS4A7 and increased the expression of the short variant. C) Both of the
expressed MS4A7 variants were upregulated with the addition of 5 pM calcium
ionophore in HMC-1 cells. * p<0.05.
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3.4 PROTEIN TRAFFICKING AND SUB-CELLULAR LOCALISATION

3.4.1 Localisation of MS4A — eGFP chimeric proteins in LAD-2 cells

Since LAD-2 cells express all of the MS4A gene family studied in this project |
began the study of protein trafficking in these cells. Chimeric MS4A:GFP
constructs were transfected into LAD-2 cells using the Amaxa Nucleofector.
Confocal microscopy determined the localisation of the proteins within the cell.
As expected, MS4A2 localised to the cytoplasmic membrane (Figure 3.37). All
MS4A family overexpressions appeared to accumulate in organelles, most likely
Golgi, when highly expressed (not shown). The novel truncation of MS4A2
appeared to be incorporated into the nuclear membrane (Figure 3.37). MS4A6
trafficked to the cytoplasmic membrane. Both variants of MS4A7 were localised
to the nuclear membrane (Figure 3.37). MS4A4, MS4A6 polymorphism and

MS4A6 novel were less obvious.
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Figure 3.37: MS4A family localisation in LAD-2 cells using nucleofection.

Most of the MS4A family trafficked to membranes. MS4A2 was clearly
associated with the cytplasmic membrane. MS4A2trut seemed to accumulate in
intracellular granules, most likely for storage of excess protein, but was also
associated with the nuclear membrane. MS4A4 always demonstrated strong
staining of what was most likely the Golgi apparatus, but also seemed to
associate with the nuclear membrane. MS4A6 Var 1 had a staining pattern
which seemed to show intracellular structural staining, as well as strong
cytplasmic membrane staining. MS4A6 polymorphism stained strongly
everywhere in the cell except for nucleoli. MS4A6 novel had intranuclear
staining which was excluded from nucleoli. Both variants of MS4A7 had very
similar staining to MS4A2truxc. in that there was nuclear membrane staining as

well as storage of excess protein in granular structures.



3.4.2 Localisation of MS4A — eGFP chimeric proteins in HMC-1 cells

In order to confirm the trafficking data from the LAD-2 cells, confocal
microscopy was performed on HMC-1 cells transfected with GFP tagged MS4A
family transfected with FUGENE HD. The nucleofection was harsh on the LAD-2
cells and cell viability was greatly affected by the process. Thus the less harsh
method of transfection, lipofection, was used for HMC-1 cells since modest
transfection efficiency (~20%) was possible with these cells. In agreement with
the LAD-2 cells, transfection of MS4A2 demonstrated cytoplasmic membrane
localisation (Figure 3.38). However, MS4A2 is known to chaperone the alpha
chain of FceRl to the cytoplasmic membrane ¥, but HMC-1 cells do not
express the alpha chain of FceRl ?'® which means that MS4A2 does not
require the alpha chain to be expressed at the cell surface. MS4A2;,. still
demonstrated nuclear membrane localisation (Figure 3.38). MS4A4 was
trafficked to the cytoplasmic membrane (Figure 3.38) which was not evident in
the LAD-2 cells (Figure 3.37). However, the nucleofection of the MS4A4 variant
into LAD-2 cells negatively affected cell viability in these conditions and viable
MS4A4 transfected LAD-2 cells were scarse. This was not due to the MS4A4
protein as all other methods of transfection/transduction with MS4A4 have failed
to show any cytotoxicity. MS4A6 variants show different localisation as MS4A6
var 1 was evident in the cytoplasmic membrane, whereas the other 2 variants
studied seemed to be ubiquitous throughout the cell (Figure 3.38). In
agreement with the LAD-2 cells, both MS4A7 variants were localised to the

nuclear membrane (Figure 3.38).

]
132 J

—



Figure 3.38: MS4A family localisation in HMC-1 cells using lipofection.

These confocal micrographs demonstrate that MS4A2, MS4A4 var 1 and
MS4AG6 var 1 traffic to the cytoplasmic membrane. MS4A2tru and both variants
of MS4A7 traffic to the nuclear membrane. Whilst there is cytoplasmic staining
of MS4A2truc. there is clearly nuclear membrane staining. However, MS4A6
polymorphism and MS4A6 novel do not appear to be trafficked to any particular

location under these conditions.



3.5 MS4A ELECTROPHYSIOLOGY

3.5.1 Electrophysiology of baseline currents in transfected CHO cells

In order to determine whether any of the MS4A variants formed distinct ion
channels which constitutively conducted ions, | first transfected GFP tagged
MS4A cDNA into CHO cells using Fugene HD reagent. Using UV light | was
able to identify and patch fluorescent cells. CHO cells were electrically quiet at
rest (Figure 3.39). Transfection of CHO cells with the empty GFP vector
(PEGFPN1) and MS4A2 had no effect on the baseline currents. However,
transfection with the truncated MS4A2 induced a larger baseline current. This
current had similar characteristics to the control cells but was larger in
magnitude. Similarly, transfection with MS4A4 variant 1 had a similar effect
(Figure 3.39). Transfection with MS4A6 variant 1 did not induce a larger current
at baseline. However, there were occasional cells which displayed a very small

Kca3.1-like current.
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Figure 3.39: Effects of MS4A gene family transfection on baseline currents
in CHO cells.

CHO cells exhibit a quiet baseline current (blue diamonds). This current was
unaffected by transfection with the empty pEGFPNI vector (brown squares).
Similarly, transfection with MS4A2 had no effect of baseline current (orange
circles). However, transfection of truncated MS4A2 significantly increased the
magnitude of current (green triangles). A significant increase in baseline current
was also evident in MS4A4 variant 1 transfected cells (yellow circles).
Interestingly, there was occasional and very small shifts in current in MS4A6

variant 1 transfected cells which resembles a tiny K+ current (brown circles).



3.5.2 Transfection of MS4A4 into CHO cells induces a Kc,3.1-like current
with the addition of the KCa3.1 opener 1-EBIO

Since the baseline current for MS4A4 was larger than that of control, and the
other MS4A family variants tested, the currents following activation with calcium
ionophore were examined. There was no effect of calcium ionophore on
baseline currents on any of the transfections tested with the exception of
MS4A4 variant 1. With MS4A4 variant 1 transfected CHO cells, there was a
small and transient Kca3.1-like current which died down shortly after activation
(Figure 3.40A). Since the current resembles that of a Kca3.1 current, |
examined the effects of the Kca3.1 opener 1-EBIO. The addition of 1-EBIO
induced a larger and sustained Kc,3.1-like current (Figure 3.40B) which was
not evident in controls. The reversal potential of the current was not as negative
as would be expected for a pure K+ current. Therefore, the presence of sodium
was explored using NMDG perfusion. Perfusion of NMDG decreased the
reversal potential from -45 to -70 mV which is closer to that expected from a
pure K+ current (Figure 3.40C) (pure K+ has a reversal of -70 to -80 mV). This
is suggestive of a sodium component to the current. However, this data should
be treated as preliminary since further characterisation of these currents is
required. This characterisation of currents is beyond the scope of this study as it

requires in-depth electrophysiology.
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Figure 3.40: The KCa3.1 opener 1-EBIO induces a KCa3.1-like current in
CHO cells after transfection with MS4A4 variant 1.

A) The addition of 10 pM calcium ionophore induced a transient KCa3.1-like
current in CHO cells transfected with MS4A4 variant 1. B) After transfection
with MS4A4 variant 1, the addition of 100 pM 1-EBIO induces a sustained
KCa3.1 current. This current was not evident in untransfected cells, or in GFP
control transfected cells. Data is the mean current from 18 cells. C) Perfusion of
NMDG into the chamber caused a shift in reversal potential from -45 to -70 mV

suggesting that there was a sodium component to the current.



3.6 EFFECTS OF MS4A2 ON HUMAN MAST CELL FUNCTION

3.6.1 Identification of MS4A2 truncation

For the analysis of expression and function of MS4A2, |first cloned the full open
reading frame (ORF) of MS4A2 using RT-PCR. The expected band size for
MS4A2 was 753 bp (which included the restriction sites added). However, after
running the gel from RT-PCR an unexpected band of around 600 bp was also
evident in the LAD-2 cells and HLMC, but not in the HMC-1 cells (Figure 3.41).
Since the remainder of the gel was clean, both bands were excised and
sequenced. The resulting data revealed that the additional band was not non-
specific binding, but was a novel truncation of MS4A2 which was missing exon

3 (Figure 3.42). | will refer to this as MS4A2truc

Expected band ~750bp
Unexpected band ~600bp

Figure 3.41: Human mast cells express a novel truncation of MS4A2. RT-
PCR cloning of MS4A2 from HMC-1 cells, LAD-2 cells and HLMC. 2 bands

were present in the LAD-2 cells and HLMC, but not in the HMC-1 cells.
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Figure 3.42: MS4A2truxc sequencing A) Sequencing of the unexpected smaller
band revealed that this was a novel truncation of MS4A2 (MS4A2trux) which
differed in sequence at the exact point at the end of exon 2. Sequence
alignment and DNA sequence searches revealed that the missing segment
corresponded exactly to exon 3. B) Thus the predicted product would contain 6

exons rather than the 7 for MS4A2.



Using a readily available predictor of a-helical transmembrane domains
(http://www.cbs.dtu.dk/servicess TMHMMY/), the predicted topology of MS4A2 is
that it spans the membrane 4 times with cytoplasmic N and C termini (Figure
3.43A). However, the truncation of exon 3 which occurs in MS4A2,. is
predicted to span the membrane only twice (Figure 3.43B). The N and C
termini are still predicted to be cytoplasmic and the protein would retain its
immunoreceptor tyrosine-based activation motif (ITAM) which performs

important functions in the full length variant.
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Figure 3.43: Transmembrane domain predictions A) The predicted amino
acid sequence of MS4A2 spans the membrane four times. B) The predicted

sequence of MS4A2truxc loses the first 2 transmembrane regions spanning the

membrane only twice.



3.6.2 Regulation of expression of MS4A2 gene variants

I next analyzed the expression and regulation of expression of both MS4A2 and
MS4A2,.nc. Firstly, | examined the regulation of expression following stimulation
with either IgE alone or IgE/anti-IgE in the absence or presence of SCF using
the unstimulated cells without SCF as the calibrator. The addition of IgE in the
absence of SCF induced the upregulation of both MS4A2 and MS4A2. in
HLMC and this effect was even more evident with IgE/anti-IgE stimulation
(Figure 3.33A). However, the addition of SCF reduced the expression of
MS4A2 and markedly reduced the expression of MS4A2yy. (n=10 from 5
separate donors) (Figure 3.33A). In LAD-2 cells, there was very little regulation
of expression for either gene variant in the absence of SCF (Figure 3.33B).
However, with the addition of SCF, there was significant downregulation of
MS4A2 expression and profound downregulation of MS4A2,,,,.. The addition of
IgE and IgE/anti-IgE reduced the amount of downregulation although it was still

significant (n=7) (Figure 3.33B).




3.6.3 Transduction and overexpression of the MS4A2 variants in human
mast cells

HLMC were efficiently transduced using an adenoviral delivery system 2%,
Thus using an MOI of 10 IU / HLMC | was able to achieve up to 100%
transduction efficiency when using the eGFP control virus (Figure 3.44A). Thus
to confirm the transduction of both MS4A2 and the MS4A2y,,.c | first performed
QPCR on transduced HLMC. HLMC transduced with both MS4A2 variants
demonstrated marked upregulation of mRNA expression. Thus the relative
expression of MS4A2 after transduction with cDNA was 141.6 £ 4.9 fold that of
the GFP virus control (Figure 3.44B) (n=8, p<0.000001). The relative
expression of MS4A2;,,c was more markedly upregulated with a relative
expression of 410.3 + 38.7 fold over the GFP virus control (Figure 3.44B) (n=8,
p<0.000001). However, the overall level of expression for MS4A2 and
MS4A2,,nc Overexpression were similar, but since MS4A2,,,,. expression was
lower than MS4A2 at baseline, the relative expression after transduction was

higher.

In order to confirm that the overexpression of MS4A2 variants was translated
into MS4A2 protein, | next tested for MS4A2 variant protein expression using
western blotting. | was able to demonstrate that both MS4A2 variants were

overexpressed at the protein level as expected (Figure 3.44C).
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Figure 3.44: MS4A2 and MS4A2ttUxc can be successfully transduced into
human mast cells. A) The adenovirus Ad5C20Att01 efficiently transducts
eGFP cDNA into primary ex vivo HLMC. B) Using viruses constructed to
contain the full length open reading frame of MS4A2 and MS4A2tlUrc leads to
overexpression of the corresponding message for each variant assessed using
quantitative real-time RT-PCR. Data is the mean + SEM of 8 experiments from
4 donors. C) Western blot demonstrating that transduction of the cDNA for each
MS4A2 variant leads to the overexpression of the corresponding protein. Each

panel is from a separate gel with different antibodies.
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3.6.4 MS4A2,,,. traffics preferentially to the nuclear membfane

| next studied the intracellular localization of both MS4A2 and MS4A2 truncin
human mast cells. As expected, transfection of chimeric GFP-MS4A2 cDNA into
LAD-2 cells using nucleofection demonstrates plasma membrane localization of
the protein when using confocal microscopy (Figure 3.45A). However,
transfection of GFP- MS4A2,,,. chimeric cDNA demonstrated a preferential
peri-nuclear localization suggesting targeting to the nuclear membrane (Figure
3.45A). Similar results were seen in HMC-1 cells using Fugene HD reagent to
transfect the cells (Figure 3.45B). To confirm that the localisation was not a
result of the GFP tag, | also performed immunofluorescence and confocal
microscopy on HLMC which had been transduced with MS4A2 and MS4A2;ync
without any tag. HLMC showed slight faint staining for MS4A2 in the mock
treated HLMC which was not evident in the isotype control (Figure 3.45C).
However, the antibody worked best when used with the overexpression cells.
MS4A2 overexpression did indeed increase the staining in the cytoplasmic
membrane of HLMC, whilst MS4A2,,.c increased peri-nuclear staining (Figure
3.45C) confirming that the localisation of the proteins was different as a result of

the truncation, and that GFP did not affect the trafficking of the proteins.
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Figure 3.45: Mms4A2trunc localises to the nuclear membrane rather than the
cytoplasmic membrane. A) Confocal micrographs of LAD-2 cells transfected
with MS4A2 (top panels) and MS4A2trut (bottom panels) tagged with eGFP
(PEGFP-N1) using nucleofection. MS4A2 localized to the cytoplasmic
membrane. However, the MS4A2tuc localised to the nuclear membrane. B)
Similar results were seen using lipofection of HMC-1 cells. C)

Immunofluorescence of HLMC with MS4A2 and MS4A2truncoverexpression.
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3.6.5 Transduction of MS4A2,.,,c into human mast cells inhibits cell
proliferation and survival

Having confirmed the overexpression of the MS4A2 variants in human mast
cells, | next looked at the function of these proteins. | first examined any
potential cytotoxicity of the viruses on the cells. After 7 days of culture with the
viruses there was no significant difference in HLMC number between the GFP
virus control cells and the MS4A2 overexpression cells (Figure 3.46A) (n=6,
p=0.905). However, with the overexpression of MS4A2,,,. there was marked
cell death with 0.1 + 0.1 x 10* HLMC in the MS4A2,,,.c transductions compared
to 7.3 + 1.2 x 10° HLMC in the GFP control transductions (Figure 3.46A) (n=6,

p=0.001).

I next performed a cell survival and proliferation assay to obtain a time-course
for the death of the HLMC. However, as expected the HLMC were killed by day
4 after transduction with MS4A2,.. (Figure 3.46C). There was a significant
effect of the GFP virus on HLMC survival and viability, although this was much
less marked than MS4A2,.. (Figure 3.46C & E). Since HMC-1 cells do not
natively express the MS4A2,,c, | also performed these experiments on HMC-1.
Interestingly, | found that exogenous expression of MS4A2y,,c markedly
inhibited the proliferation of HMC-1 cells when compared to untreated or GFP
virus-treated cells (Figure 3.46B). The addition of the GFP virus had no
significant effect on HMC-1 cell proliferation or viability (Figure 3.46B & D).
HMC-1 cells transduced with MS4A2,,,,c had significantly reduced viability after
day 3 which was as low as 56.7 + 3.4 % by day 7 (Figure 3.46D) (n=4,

p=0.006).




In order to confirm that MS4A2y,,c was indeed anti-proliferative, | next
performed 3H-thymidine incorporation assays on both HLMC and HMC-1 cells.
HLMC proliferate slowly in culture and so have relatively low incorporation of
3H-thymidine. However, HLMC transduced with MS4A2u.c incorporated
considerably less *H-thymidine than either untreated or GFP virus-treated
HLMC (Figure 3.46F) (n=4, p=0.037 and 0.047 respectively). HMC-1 cells
showed similar results (Figure 3.46G), but since HMC-1 cells proliferate more
rapidly in culture when compared to HLMC, the effects were much more
marked. Indeed, MS4A2,,,,c was comparable to the negative controls in both
HLMC and HMC-1 cells, whereas the GFP transduction control was comparable

to untreated cells.
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Figure 3.46: MS4A2truxc prevents proliferation of HMC-1 cells and initiates
cell death. A) Transduction of MS4A2 had no effect on the HLMC viability after
7 days when compared to the virus GFP control. However, transduction of
MS4A2tuc leads to cell death by day 7. B) In HMC-1 cells, transduction of
MS4A2truc profoundly inhibits proliferation. C) In HLMC the cells were dead by
day 4 after transduction of MS4A2tllhc D) HMC-1 viability began to drop at 3
days after transduction of MS4A2tlc E) This drop in viability after MS4A2truc
transduction was more evident in HLMC. F) To confirm the anti-proliferative
effect of MS4A2tUo | next looked at 3H-thymidine incorporation into DNA. Both
HLMC and HMC-1 cells (G). Data is the mean + SEM from 6 (A) or 4 (B-G)
experiments. * p<0.05, ** p<0.01, *** p<0.001, ANOVA with Tukey’s post test.



3.6.6 MS4A2,,.,c induces apoptosis in human mast cells

Since the expression of MS4A2,,,,, affects the viability of both HLMC and HMC-
1 cells, | next examined the effects of expression on apoptosis. | found that after
48 h, transduction of HMC-1 cells with either GFP or MS4A2 had no effect on
apoptosis compared to untreated cells. However, transduction of HMC-1 with
MS4A2nc significantly increased apoptosis (Figure 3.47). Thus with the
transduction of GFP virus control there were 13.6 + 1.2 % apoptotic cells
compared to 24.3 + 0.3 % with MS4A2,.,,c (Figure 3.47E) (n=3, p=0.0198). This
increase in apoptosis was not evident in HLMC at the same time-point.
However, there was a marked increase in necrotic cells in HLMC following

transduction with MS4A2,.,,,c (Figure 3.47H).
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Figure 3.47: Transduction
of MsS4A2trunc induces
apoptosis. A) Scatter plot
of HMC-1 control cells
stained for annexin V (X
axis) and propidium iodide
(Y axis). B) Transduction of
MS4A2truc leads to a greater population of annexin V positive, Pl negative cells
which is indicative of apoptosis. C) There was a high amount of HLMC which
were apoptotic in the control cells and this did not change with the addition of
MS4A2tc (D). However, there was an increase in necrotic cells with the
addition of MS4A2truc E-H) Graphical representation of the mean + SEM of 3
separate experiments demonstrating the changes in the different populations of

cells.
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3.6.7 The anti-proliferative effects of MS4A2,,,,,c are mediated via G, cell
cycle arrest

In order to delineate the basic mechanism of the anti-proliferative effects of
MS4A2nc | Nnext examined its effects on the cell cycle using flow cytometry.
There were significantly fewer HMC-1 cells in Go/G4 phase with transduction of
MS4A2unc (39.6 £ 3.1%) when compared to untreated cells (50.4 + 3.1%, n=3,
p=0.040), GFP transduction (48.8 + 2.2%, n=3, p=0.0169) and MS4A2
transduction (62.7 £+ 1.4%, n=3, p=0.0160) (Figure 3.48A). This reduction in
G0/G1 phase was mirrored by an increase in cells at Go/M phase. Thus for
HMC-1 cells there were 44.2 + 1.0% G./M phase cells with transduction of
MS4A2nc compared to 28.8 + 3.4% in the untreated cells (n=3, p=0.0417),
31.6 £ 0.8% in the GFP transductions (n=3, p=0.020) and 29.3 + 0.4% in the

MS4A2 transductions (n=3, p=0.009) (Figure 3.48A).

The clear effect on cell cycle in the HMC-1 cells was not evident in the HLMC
(Figure 3.48B). Since HLMC replicate only slowly, the cell cycle analysis did
not appear as the typical histogram seen for the HMC-1 cells. However, there
was significant cell death evident in these cells as demonstrated by populations
of cells in sub Gy/G4. There was no significant difference between any of the cell
cycle populations when comparing the virus conditions. However, all viruses
increased the amount of cells in Go which is consistent with the increase in non-

viable cells with the GFP virus in the survival assays.

Since HMC-1 cells are arrested in G2/M phase with the exogenous expression

of MS4A2,,,c, | next examined the regulatory phosphorylation of the cyclin




dependent kinases (cdk). There was no apparent difference in phosphorylated
Thr160 on cdk2 in either HMC-1 cells or HLMC (Figure 3.48C). Similarly, there
was no difference in total cdk1 between the conditions or in the amount of
phosphorylated Tyr15 on cdk1 in HMC-1 cells transduced with MS4A2;.c
(Figure 3.48C). The expression of cdk1 was difficult to detect in the HLMC,
possibly due to the lack of HLMC in G,/M phase as demonstrated by the cell

cycle analysis (Figure 3.48B).
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3.6.8 MS4A2,,,,. decreases surface FceRla expression

A previously reported truncation of MS4A2 (MS4A2 variant 2) has been
reported to act as a negative regulator of FceRI expression by chaperoning
immature a chains to endosomes for degradation, rather than to the
cytoplasmic membrane where native MS4A2 chaperones a chains ©').
Therefore, | next examined the effect of MS4A2 and MS4A2y,,,c overexpression
on surface FceRla expression in HLMC. As an additional control, | also included
MS4A4 overexpression since using the GFP cDNA adenovirus for a control was
incompatible with flow cytometry due to its fluorescence. Surprisingly,
overexpression of MS4A2 had no effect on surface expression of FceRla in
HLMC (Figure 3.49). However, overexpression of MS4A2,.. significantly
reduced surface expression of FceRla. Thus with MS4A2,,,c HLMC FceRla
expression was 71.7 + 7.8% of control (n=5, p=0.016) (Figure 3.49B). This
level of reduction was comparable with the previously reported truncation ¢'".
Interestingly, overexpression of MS4A4 increased surface expression of FceRla

although to a modest degree (n=5, p=0.048) (Figure 3.49).
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FLH-1

Figure 3.49: Overexpression of MS4A2tUxc decreases FcsRIl expression in
HLMC. A) Histogram showing the fluorescence intensity of cells stained for
FceRla. There was no difference between MS4A2 overexpressing cells (green)
compared to the virus treated controls (black). However, MS4A2truc
overexpressing cells (blue) caused a left shift in fluorescence. Conversely,
MS4A4 overexpressing cells demonstrated a modest right shift in fluorescence
(purple). Histogram representative of 5 donors. B) The mean fluorescence
intensity of each condition calculated as a percentage of control and

represented as the mean + SEM of 5 donors. * p<0.05.
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4 DISCUSSION

The primary aim of this study was to identify the expression of the MS4A gene
family members in human mast cells and the secondary aim was to identify their
function. | found that human mast cells expressed at least 4 MS4A family
members, MS4A2, 4, 6 and 7. In addition, | also found that several splice
variants of these genes were also expressed including 2 novel gene products. |
have successfully cloned these variants and identified the regulation of gene
expression, as well as the trafficking and localisation of each protein within the
cell. | have also begun to elucidate important functions for MS4A family

members in mast cells and identified several avenues for further study.

Human mast cells express MS4A2, a novel truncation of MS4A2 — MS4A2;,n,
MS4A4 variant 1, as well as both known variants of MS4A7. There were also
several variants of MS4A6 present. When cloning MS4A6 there were multiple
bands present with the cloning primers (Figure 3.2A). These bands proved to
be alternative splice variants of MS4A6 including 1 novel variant (a novel
truncation of MS4A6 variant 3) and a known truncated polymorphism of MS4A6
variant 1. Although these splice variants were positively identified, cloned and
sequenced, it is the author’s belief that other variants are likely to be expressed
which were not identified in this study. Thus MS4A6 may represent a very
diverse gene with many splice variants which have different biological roles.
Indeed, it is believed that splice variants are an important contributor to genetic
diversity @'22'®_|n support of this, there was variable expression of the MS4A6
variants in the different cell types tested. In addition, MS4A6 polymorphism was

often only expressed after stimulation in HLMC (Figure 3.18). Furthermore,
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MS4A6 variants differed in their expression between HLMC donors where
MS4AG6 variant 1 was sometimes expressed well and sometimes not expressed
at all. The novel variant of MS4A6 was also only expressed in the immortal cell

lines. Therefore, further study of MS4A6 expression and function is warranted.

Also of great interest was MS4A7 variant expression. The 2 known variants of
MS4A7 were expressed in all of the cell types examined. In HMC-1 cells, the full
length variant was always more highly expressed than variant 2 (data not
shown but evident in Figure 3.16). However, in HLMC and in the slowly
replicating LAD-2 cells, MS4A7 variant 2 was always more highly expressed
than the full length MS4A7 variant 1 (data not shown but evident in Figures

3.15, 3.17 and 3.18).

In addition, in HLMC SCF (which is so important in mast cell survival and
proliferation) regulates the expression of the MS4A7 variants. Thus the full
length MS4A7 variant 1 was often not expressed in HLMC in the absence of
SCF, but MS4A7 variant 2 was present. With the addition of SCF, the
predominant MS4A7 was often switched to MS4A7 variant 1 which was
accompanied by a loss in expression of MS4A7 variant 2. This regulation of
MS4A?7 variant expression by SCF was also evident in the activation of HLMC
with IgE and IgE + anti-IgE. IgE stimulation and IgE + anti-IgE upregulated the
expression of both MS4A7 variants. However, SCF potentiated this upregulation
of the full length MS4A7 variant 1, but reduced the amount of upregulation of
MS4A7 variant 2 (Figure 3.34). Therefore, these data strongly suggest that

MS4A7 variants may have opposing actions and that these actions are




regulated by SCF and related to proliferation and/or survival. This is particularly
interesting since MS4A7 has been proposed to be involved in cell proliferation
(217:218) although differentiation between the splice variants was not performed
@18 Thus the functions of MS4A7 protein variants are of great interest and will

be studied further.

Elucidating the function of all the expressed MS4A family in human mast cells
was beyond the scope, funding and timescale of this study. This study has been
hindered by the paucity of antibodies available for the MS4A gene family. The
only available antibodies that worked in any of the methods used in this study
were for MS4A2. All other antibodies were tried and none of them worked. Thus
it has not been possible to determine protein level expression of the MS4A gene
family members. Therefore, gene silencing using shRNA functional knockdowns
is of little benefit when knockdowns at the protein level cannot be validated
using western blotting. Although it was possible to validate knockdowns at the
mRNA level using quantitative real time PCR, this does not necessarily
correspond to knockdown at the protein level. Thus the functional
characterisation of the MS4A gene family depends on the production of reliable
custom made antibodies. In addition, several antibodies will need to be
produced for each gene family member in order to differentiate between the

splice variants present which are identical except for exon removal truncations.

Despite these shortcomings, this study has made several novel and potentially
important findings in the function of two MS4A gene products. HLMC and LAD-2

cells express a novel truncated variant of MS4A2, which | will term MS4A2y, .,




and MS4A4A variant 1, but | was unable to detect the expression of either gene
in HMC-1 cells. This immediately raises two questions which arise from the
known functional differences in these cell types. Firstly, both HLMC and LAD-2
cells express the high affinity IgE receptor FceRI 2°32'9) put HMC-1 cells do not
@10 Therefore, does either or both of these genes have a role in FceRl
function? In addition, since HMC-1 cells replicate rapidly and both HLMC and

LAD-2 cells only proliferate very slowly, does either or both of these genes have

a role in cell proliferation?

| began to answer these questions with MS4A2,,,c which is a novel splice
variant of the high affinity IgE receptor B subunit, MS4A2. MS4A2 is an integral
subunit of FceRI. Although its expression is not essential for IgE receptor
signaling ¥ MS4A2 is known to act as an amplifier of FceRI signaling (%9
Since the human genome project found that there were significantly fewer
genes than expected, only around 35 000 genes accounting for around 100 000

@12213) it is now considered that alternative splicing of genes accounts

proteins
for much of the genetic diversity in the human genome and that up to 60% of
human genes are alternatively spliced ?'42?'®. Indeed, Modrek and colleagues
predicted that MS4A2 variants resulting from alternative splicing existed and

that they may contribute to functional regulation of the FceRI ¢'9.

Although one of the possible functions of full-length (native) MS4A2 may be to
act as an amplifier of FceRI-dependent signaling '®®, not much is known about
other possible functions for this protein. Donnadieu and colleagues were the

first to report a splice variant of MS4A2 (transcript variant 2) expressed in
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human basophils and cord blood-derived mast cells ', This splice variant was
a truncation due to the retention of intron 5 which results in the encoding of
several amino acids before an in-frame stop codon ?'". Thus the C terminal
domains of MS4A2 including the immunoreceptor tyrosine-based activation
motif (ITAM) were lost @', This truncation was shown to bind to immature a
chains of FceRl in the endoplasmic reticulum, and traffic them for endosomal
degradation leading to downregulation of surface FceRI expression. This would
presumably reduce IgE-dependent mast cell activation. This protein has
therefore been proposed to act as a naturally occurring negative-regulator of
FceRI-dependent cell activation, in direct competition with native MS4A2, and

as such could determine the severity of allergic disease.

| was also able to demonstrate a reduction in FceRla surface expression with
the overexpression of MS4A2,.c. This may suggest a similar role for this
truncation as the one reported previously '". Indeed, the level of reduction in
expression is comparable to that seen by Donnadieu and colleagues with their
truncation 'V, However, since | was measuring FceRla expression 48 h after
transduction of MS4A2,.,nc, the drop in cell viability which occurs in HLMC within
48 h may be a contributing factor for this reduction in expression. Nevertheless,
MS4A2,... identified in this study appears to have an entirely novel role in mast

cell biology unrelated to surface FceRI expression since there was a profound

effect on the proliferation of HMC-1 cells which do not express FceRI ?%9.

MS4A2,. is generated due to a deletion of exon 3 and so retains both N and C

termini thus retaining the C terminal ITAM. This deletion of exon 3 results in the




putative loss of transmembrane domains 1 and 2. The result of this truncation is
that novel MS4A2 localizes to the peri-nuclear membrane rather than the
cytoplasmic membrane. This event is likely to be critical for the function of the
protein. MS4A2,..c induced cell cycle arrest at G2/M phase. An important
regulator of G2/M phase transition through the G2 checkpoint is Cdk1 (cdc2).
Cdk1 is dephosphorylated at Tyr15 and Thr14 with subsequent phosphorylation
of Thr161 during the G,/M phase checkpoint enabling transition through to M
phase (For review see ®#"). Dephosphorylation of Tyr15 is an absolute
requirement for this transition. However, | was unable to identify any changes in

the phosphorylated state of Cdk1 with transduction of MS4A2,c.

It is interesting that the rapidly dividing human mast cell line HMC-1 does not
express MS4A2.,nc, wWhile the slowly dividing cell line LAD2 and slowly dividing
primary HLMC do express it. This provides a functional correlate of relevance to
the proposed anti-proliferative effect of this protein. The downregulation of
MS4A2,,.c gene expression by SCF is highly relevant to the action of this
cytokine, and might provide an additional mechanism of action promoting SCF-
dependent cell survival and proliferation. The HMC-1 cell line exhibits gain-of-
function mutations at amino acid 816 and the juxtamembrane region of CD117
(SCF receptor), leading to constitutive receptor activity. These mutations are not
present in primary HLMC or the LAD2 cell line, and might explain the differential

expression of MS4A2,,nc in these cells.

In keeping with the proposed function of MS4A2,,,c discussed above, confocal

microscopy using GFP tagged chimeric MS4A2 and MS4A2,.,. demonstrated
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that MS4A2 trafficked to the cytoplasmic membrane, but MS4A2y,,,c associates
with the nuclear membrane. This is an interesting observation since | also show
that both variants of MS4A7 are trafficked to the nuclear membrane, and as
discussed above | have data to suggest that MS4A7 variants are regulated by
the mast cell growth factor SCF and that they may have opposing actions on
growth factor-dependent mast cell functions. In addition, MS4A7 is proposed to
regulate the cell cycle and progression of proliferation “'®. Furthermore,
another member of the MS4A gene family MS4A3, which is closely related to
MS4A2, has also been shown to traffic to the nuclear membrane rather than the
cytoplasmic membrane, where it binds directly to KAP, a cyclin-dependent
kinase (Cdk) associated phosphatase which dephosphorylates human Cdk2 in
the nucleus attenuating cell cycle progression ?°®. This dephosphorylation of
Cdk2 at Thr160 by KAP is facilitated by MS4A3 binding directly to the complex
which not only allows KAP greater access to dephosphorylate Thr160 on Cdk2,
but also forces the dissociation and exclusion of cyclin A from this complex thus

preventing Gy — S phase transition V.

This study also shows that MS4A4 can induce a Kc,3.1-like current when
transfected into CHO cells. This is interesting since the current itself is blocked
by the Kca3.1-specific blockers TRAM-34 and ICA 17043. Therefore, this
current must be Kca3.1. However, the reversal potential of the current is too
positive for a pure Kca3.1 current. There are a couple of possible explanations
for the initiation of this current. Firstly, MS4A4 variant 1 has a region within the
extracellular loop with amino acids YYG. The selectivity filter for K* channels is

GYG. However, the Weaver channel mutation in GIRK2 K* channels (SYG -




although other amino acids may be in position 1) negates the K" selectivity of
GIRK2 channels which are also able to carry Ca** and Na* making them non-
selective cation channels “??. Therefore, it is possible that MS4A4 may form

hetermeric complexes with Kc,3.1 to form non-selective cation channels.

Alternatively, MS4A4 variant 1 may form distinct calcium channels which allow
influx of calcium into the CHO cell which in turn activates native CHO Kc,3.1
channels, since influx of extracellular calcium is critical for Kc,3.1 function. Both
of these hypotheses would be valid since CHO cells do express native Kc,

channels which do not always seem to be functional 23224

These proposed mechanisms for MS4A4 inducing a Kca3.1 current in CHO cells
are entirely plausible. Indeed, MS4A1 has been proposed to act as a distinct
and highly selective Ca?* channel in B lymphocytes "%, This hypothesis was
drawn after the discovery that transfection of MS4A1 cDNA into human K562
erythroleukaemia cells and mouse NIH-3T3 fibroblasts induced an identical
transmembrane Ca®* conductance which was very similar to the native current
evident in B cells "%). More recently, Li and colleagues "*" demonstrated that
MS4A1 may actually act as a store-operated calcium channel (SOCC) which
associates within lipid rafts to couple B cell receptor signalling to store-operated

calcium entry (SOCE) in cholesterol-dependent lipid microdomains Y.

In addition, MS4A12 may also act as a distinct calcium channel, which is colon
specific and its expression was associated with colon cancer ‘*"). Subsequent

functional knockdown of MS4A12 using siRNA in colon cancer cells significantly
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attenuated cell proliferation, motility and chemotactic tissue infiltration 7).
Furthermore, cells expressing MS4A12 were more reactive to lower
concentrations of growth factors than their counterpart cells not expressing
MS4A12 ¥ Further evidence of a possible role of MS4A gene family
members in cancer has been demonstrated with an increased expression of
MS4A8B in small cell lung cancer although no mechanism was described 8",
Thus a major role of the MS4A family appears to be to regulate cell cycle
progression and therefore cellular proliferation and survival. The relative

expression of pro- versus anti-proliferative MS4A family members may be

important in determining the proliferative potential of a cell.

To briefly summarise, this study has given a great deal of insight into the
expression and regulation of expression of MS4A gene family members in
human mast cells. The complete characterization and functional analysis of an
entire gene family is beyond the scope of a PhD thesis. However, this study has
raised a great number of questions and opened several avenues of research for
future projects. The molecular biology, which was such a big part of this study,
has provided the tools for future research into the function of this gene family. In
addition, the regulation of expression has identified possible candidates for
study such as the MS4A7 variants and their putative opposing actions on mast

cell proliferation.

In terms of functional data, this study has identified that MS4A4 variant 1 may
play a role in ionic conductance which could be important in mast cell activation

since it modulates, in one way or another, K* efflux which directly effects Ca®*




conductance. However, the main functional aspect of this study was the
identification of a novel MS4A2 gene variant, MS4A2,.,.c, which has an entirely
novel function. MS4A2,,.. inhibits mast cell proliferation and survival, and
indicates that the MS4A2 gene has multiple roles, extending well beyond the
regulation of acute allergic responses. By understanding the mechanisms
regulating its function, it may one day be possible to induce its expression in
mast cells in vivo, leading to better treatments for a number of mast cell-
dependent or -associated diseases such as mastocytosis and asthma

respectively.

4.1 Future work

As mentioned, this study has made several important observations that open
further avenues of research into the MS4A gene family. Firstly, it is important to
identify any differential expression between normal human mast cells and mast
cells obtained from patients with mast cell-associated disease. Thus the mRNA
and protein expression of MS4A family members in normal human mast cells
(HLMC, primary human CD34+ blood-derived mast cells) and mast cells from
patients with mastocytosis and anaphylaxis (obtained from blood and bone
marrow progenitors), quantitative PCR, western blotting and flow cytometry will

be performed.

Secondly, there are strong suggestions both in this study and in the literature
that the MS4A gene family may have a role in proliferation and survival of not

only mast cells, but also of other cell types in both normal and cancerous cells.




This role may also be associated with the modulation of calcium sinalling and
entry into the cell. Therefore, delineating the functional role of each of the
expressed MS4A family members in mast cells, in terms of calcium signalling
and proliferation/survival will be carried out using both cDNA overexpression
and shRNA knockdown technologies. In order to validate the knockdowns,
quantitative real time PCR and western blotting will be performed using custom-
made antibodies which can differentiate between splice variants. Once
validated, shRNA knockdowns will be used to determine the functional
consequence of gene knockdown for each MS4A family member in terms of

both normal mast cell biology and dysregulated mast cell functions.

Furthermore, the role of the MS4A family in other mast cell functions such as
mediator release, degranulation, migration and chemotaxis will be studied. Thus
overexpression and shRNA knockdown mast cells will be used for survival and
proliferation assays such as °H-thymidine incorporation and CFSE assays,
transwell migration assays and mediator release assays (cytokine and
eicosanoid ELISAs, beta hexosaminidase assays and histamine radioenzymatic

assay).
4.2 Future aims

| aim to examine the expression and function of the MS4A gene family in normal
human mast cells and aberrant human mast cell populations associated with
disease states. The cellular localisation and protein trafficking will be
established and regulation of gene expression examined. | will achieve this by

using quantitative real-time RT-PCR, FACS analysis, western blotting,
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immunofluorescence and confocal microscopy. Once the expression of the
MS4A gene family in the different cell types has been established, | will begin to
study their function. This will be achieved by assessing which mast cell
responses are altered by protein overexpression, and which responses are
altered with functional MS4A gene knockdown using shRNA adenoviral
constructs. Once | have identified a function for each gene product in mast cell
survival, proliferation, mediator release, and chemotaxis, | will identify the
mechanisms involved. This will be achieved by studying calcium flux and ionic
conductance, phosphorylation of receptor and adaptor molecules, activation of
signalling enzymes such as PI3K, transcription factor regulation, pathways
involved in apoptosis, proliferation and cell cycle regulation, such as the
activation of caspases, cyclins, cyclin-dependent kinases and phosphatases.

Growth factor-dependent responses will also be examined.
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CHAPTER 6: APPENDIX

6.1 SOLUTIONS

Luria Broth (500mL)

5 grams tryptone
2.5 grams yeast extract

5 grams NaCl

Luria Broth Agar (500mL)

5 grams tryptone
2.5 grams yeast extract
5 grams NaCl

8.5 grams Agar

Tris-acetate electrophoresis (TAE) buffer (500mL) (50x solution)

1219 of Tris base

28.55ml of glacial acetic acid

50mi 0.5M EDTA (pH 8)
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