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Abstract

Transglutaminase 2 (TG2)-mediated stabilization of extracellular protein assemblies has a
pivotal function in tissue repair. However, aberrant TG2 activity has been linked to fibrosis and
autoimmunity. There is also evidence that post-translational modification of proteins can occur
in a manner that is specific to disease, for example citrullinated peptides seen in rheumatoid
arthritis. TG2 modifies proteins in several ways, including through transamidation,
esterification and deamidation of target glutamine residues. There is evidence of increased
expression and activity of TG2 in osteoarthritis, potentially leading to the generation of protein
modifications, which could act as biological markers of disease. The mechanism of TG2 release
by cells controls its extracellular activity is unconventional and enigmatic. Our group has
shown that TG2 export is linked to purinergic signalling, and implicated P2X7 receptor
activation. P2X7R has several activation states; ATP stimulation causes ion channel opening,
allowing membrane depolarization and Ca?" entry into the cell. Prolonged stimulation leads to
‘large membrane pore’ activity, however the identity of this pore is unknown as there is
conflicting evidence suggesting either dilation of the P2X7R channel itself or an interaction

with an alternative plasma membrane channel.

The aim of this thesis is to elucidate mechanistically the process by which cells export TG2
and control its activation, alongside investigating the P2X7R pore. We have also looked at the
involvement of GTP regulation of TG2 activity in its secretion and whether the TG2 activator,

thioredoxin, can be secreted via the same pathway.

Through the use of pharmacological agents, we have shown that pannexin-1, a plasma
membrane hemichannel proposed to interact with P2X7R, is unlikely to be the pore-forming
component of P2X7R activation. A gain of function mutation in P2X7R expressed in HEK293
cells shows enhanced TG2 externalization from cells, correlating with increased pore activity,
implicating P2X7R itself. Thioredoxin, a TG2 activator, is co-secreted. To confirm the
transferability of our findings in this cell model to the innate immune response, human
peripheral blood monocytes were differentiated into M1 macrophages and P2X7R mediated
TG2 export assessed. Investigating this process will unravel a novel secretory pathway

potentially used by select proteins, including potent signals regulating inflammation.
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1. Introduction

1.1 Arthritis

The two main forms of arthritis are rheumatoid arthritis (RA) and osteoarthritis (OA),
with one quarter of the adult population affected by one of the many forms of arthritis
(Barbour et al. 2017). RA is an autoimmune disease, in which the joints are infiltrated
by activated immune cells causing inflammation, active tissue destruction and pain
due to secretion of cytokines (van Kuijk ez al. 2006). RA is the second most common
joint disease in humans, affecting around 400 000 adults in the UK, with around three
times as many women affected as men'. The symptoms commonly include joint pain
and swelling and stiffness. Genetics play a role in the likelihood of someone
developing RA, but lifestyle factors, such as obesity or smoking, also determine
whether the disease will develop (Symmons et al. 2016). The strongest genetic driver
of RA is the human leukocyte antigen (HLA)-DRB1, of which having certain alleles
is more likely to result in RA (Newton ef al. 2004). RA can be diagnosed using an anti-
citrullinated peptide antibody test (Kastbom et al. 2004). Joint damage can be detected
by x-ray to confirm the presence of joint disease as well as showing the progression.
RA is treated through a combination of pain management (analgesics and non-
steroidal anti-inflammatory drugs (NSAIDs)), steroids to reduce inflammation,

disease modifying drugs, physical therapy, and surgery to replace joints if necessary.

OA on the other hand has historically been thought to be caused by gradual wearing
away of the connective tissue in the joint, usually also causing pain and inflammation
secondarily. OA affects approximately 250 million people worldwide, with prevalence
increasing with age, however, 64% of people with OA are considered to be of working
age (15-64 years) (Hunter et al. 2014). This fact, combined with the fact that 43% of
people with arthritis have activity limiting symptoms, indicates that there will be a
significant economic burden of OA, due to the loss of work hours (Hunter ef al. 2014).
The main cause is excessive joint loading (for example due to obesity) or joint injury
(often seen in athletes) (Loeser et al. 2012). Therefore, the incidence is projected to

increase with increasing obesity and as the average age of the population rises, also

"http://www.arthritisresearchuk.org/arthritis-information/conditions/rheumatoid-
arthritis/causes.aspx



increasing the strain on healthcare services (Hunter et al. 2014). Although OA can be
associated with these factors, there are also genetic factors that strongly contribute to
predisposition to OA. These are often found to be single nucleotide polymorphisms
(SNPs), which have been demonstrated to link to OA in a specific joint (Loughlin
2015). For example, a SNP in the 3’ untranslated region of ALDHIA2, which codes
for an enzyme involved in retinoic acid synthesis, was found to be connected to hand
OA, but not OA at other sites (Styrkarsdottir et al. 2014). This SNP results in reduced
expression of the enzyme, which may alter the retinoic acid levels (Styrkarsdottir et
al. 2014). Retinoic acid is a signalling molecule with roles in skeletogenesis, which
may relate to the involvement of this polymorphism in OA. Hip OA has been linked
to a SNP upstream of two candidate genes in OA; nuclear receptor co-activator 3
(NCOA3, roles in DNA modification which can result in altered gene expression)
shows reduced expression in OA cartilage and heparan sulfate 6-O endosulfatase 2
(SULF2, removes 6-O sulfate groups from heparan sulfate, affecting binding to
signalling molecule, thereby altering the roles of heparan sulfate) shows increased
expression in OA cartilage, indicating that expression level changes in these genes
may contribute to OA (Otsuki et al. 2008; Evangelou et al. 2014). This indicates that
different patients are likely to have different genetic factors driving the OA symptoms,
suggesting that patient stratification based on these may be beneficial in treatment of

the disease.

Although OA is the most common form of arthritis, there is currently no definitive
molecular or biochemical diagnostic test, with symptoms, functional deficits and
ultimately imaging being the only way to diagnose the disease (Lane ef al. 2011).
Current guidelines state that an OA diagnosis can be confirmed without further
investigation if the person is 45 and over, has activity related joint pain and does not
have morning-related joint stiffness (NICE 2014). As a result, OA is usually only
diagnosed once the destruction of the joint tissue is irreversible, meaning that there is
a requirement for identification of biomarkers specific to the early osteoarthritic
process to aid much earlier diagnosis and intervention prior to tissue destruction (Lane
et al. 2011). This medical need is compounded by the lack of effective therapies for
progressing OA at present, with management of the disease currently being palliative
i.e. by physiotherapy and painkillers prior to surgery to replace the affected joint with

an implant (Lane ef al. 2011). Patients are also advised to lose weight and exercise,



with the latter partly aimed at strengthening muscles local to the affected joint (NICE
2014). Identification of reliable biomarkers could also facilitate development of new
approaches to therapy, through acting as reliable, measurable indicators of the success
of therapeutic intervention (Lane er al 2011). For example, currently, disease
modifying OA drugs in clinical trials use radiographic joint space narrowing (JSN) as
the measurable indicator of clinical efficacy (Hunter ef al. 2014). This requires large
sample sizes and a long period (2-3 years) to demonstrate the benefit of a new therapy.
Discovery of an OA biomarker capable of demonstrating efficacy over a shorter time-
period would therefore allow quicker analysis of potential therapeutics, possibly
increasing the likelihood of discovery of a disease modifying therapeutic (Hunter et
al. 2014).

1.2 Pathology of OA

OA affects all the structures of the joint and respective cells including chondrocytes,
osteoblasts and overactive osteoclasts (degrading the bone), resulting in degradation
of articular cartilage and remodelling of the underlying bone (Loeser ef al. 2012). The
clinically relevant features of OA are JSN, osteophyte formation, abnormalities in the
subchondral bone or accumulation of synovial fluid driven by the inflammatory
processes (Loeser et al. 2012). Due to changes in the environment of the damaged
joint, the cells are functionally different and no longer perform the correct repair and
maintenance functions thereby exacerbating the pathological process (Petersson and
Jacobsson 2002; Findlay and Atkins 2014). OA is characterised by the gradual
degradation of articular cartilage, inflammation of the synovium, joint stiffness and
pain (Loeser et al. 2012). There can also be bony outgrowths formed around the edge
of the joints, so called osteophytes (Orlandi et al. 2009). As in RA, these conditions
can lead to pain and swelling in the joint, as well as joint stiffness. Patients also do not
usually present in the clinic until significant joint damage has occurred, as this is when

pain presents. This makes diagnosis of early OA difficult.

For a long time, OA was considered to occur due to ‘wear and tear’ of joints, as part
of the aging process. It has, however, also been shown that there is an inflammatory
component to OA (Fig. 1.1). It has been demonstrated that synovial inflammation
occurs prior to articular cartilage damage, suggesting that this inflammation may cause

or exacerbate the disease process (Wang et al. 2017). Immunohistochemistry of patient



synovial tissue samples showed severe inflammation in 31% of cases and a further
62.5% of patients had mild or moderate inflammation (Haywood et al. 2003). This
indicates that inflammation plays an important role in the development of OA, as well

as contributing to the pain experienced by patients.
Image removed due to copyright

Fig. 1.1 — Mechanical and immune mediated pathways leading to cartilage

degradation in QA. Mechanical stress leads to the production of inflammatory mediators, such as

IL-1 and TNF-a. This causes resident chondrocytes to produce cartilage degrading proteins, such as
matrix metalloproteinases (MMPs, ADAM-TSs). Cartilage degradation causes release of antigens, to
which an immune response can be mounted, further driving the release of inflammatory mediators and

destruction of cartilage, leading to inflammation and pain. Reproduced from (Yuan et al. 2003).

The inflammation observed in OA causes swelling of affected joints, accumulation of
synovial fluid and joint stiffness. The synovial fluid of most OA patients has an
increased number of mononuclear cells, immunoglobulins and complement
components, indicating an active immune response (Yuan et al. 2003). Normally
cartilage has a degree of immune privilege, due to the lack of vasculature, however,
infiltration of immune cells does occur in OA. For example, immunohistochemistry
performed on synovial tissue samples of ten OA patients detected the presence of T-
and B-lymphocytes, as well as dendritic-like cells, capable of antigen presentation
(Lindblad and Hedfors 1987). In contrast, analysis of macroscopically non-inflamed
areas demonstrated lower numbers of lymphocytes than the inflamed areas of the same
patient. The lymphocytes are predominantly found in the synovial membrane, close to
the damaged cartilage, however, there was also damaged cartilage with no nearby
elevation in the number of immune cells, indicating that there can be cartilage loss in
the absence of synovial inflammation (Lindblad and Hedfors 1987). There is also
evidence of increased cytokine production by resident chondrocytes, such as IL-13
and TNF-o (Moos et al. 1999). IL-1B and TNF-a expression was localised to a
proportion of the chondrocytes in the superficial zone of the cartilage, where more
degeneration is observed. Analysis of the localisation of expression of these cytokines
and matrix metalloproteinases (MMP-13, 1 and 8) and aggrecanase (ADAMTS-4/5)
production demonstrates an association between expression of cytokines and MMPs

(Tetlow et al. 2001). MMP-13 was found to have a more prominent extracellular



expression profile than MMP-1 and 8, which were mainly found intracellularly
(Tetlow et al. 2001). MMP-13 preferentially degrades type-1I collagen, which is a
major component of articular cartilage, indicating that the expression of inflammatory
cytokines in cartilage-resident chondrocytes drives production of molecules capable
of contributing the cartilage degradation (Tetlow et al. 2001). Taken together, this
evidence demonstrates an important role for inflammation in the OA disease process,
highlighting that this is a more complex disease than simple wear-and-tear damage of

the joint.

There is also a cellular component to the pathogenesis of OA, involving chondrocytes
and immune cells (Fig. 1.1). As the articular cartilage lacks vasculature and therefore
cannot be easily infiltrated by cells, it relies on resident chondrocytes to maintain the
extracellular matrix (ECM) (Goldring and Marcu 2009). At an early stage of OA, it
has been shown that chondrocytes can become larger and begin to proliferate, allowing
them to accumulate into cell clusters (Goldring and Marcu 2009). The chondrocytes
then show increased production of both matrix proteins and matrix degrading proteins,
such as the MMPs and aggrecanases discussed above (Fig. 1.1) (Goldring and Marcu
2009). Chondrocytes also undergo hypertrophy, which results in matrix calcification.
This can lead to osteophyte formation, through the differentiation of periosteal cells
into chondrocytes at the joint margin, subsequently undergoing hypertrophy (Goldring
2000). At later stages of OA, it has been demonstrated that there are reduced numbers
of cells in the cartilage, indicating that chondrocyte cell death occurs during disease
progression. It is unclear whether chondrocyte apoptosis occurs because of cartilage

destruction or whether it causes cartilage destruction (Goldring and Goldring 2007).

1.3 Current Biomarkers for OA

Biomarkers are defined as ‘a characteristic that is objectively measured and evaluated
as an indicator of normal biologic processes, pathogenic processes or pharmacologic
responses to therapeutic intervention’ by the National Institutes of Health (Lane ef al.
2011). Although a variety of biomarkers have been identified for OA, none of these
are sufficiently characterized for use as an end-point surrogate (Lotz et al. 2013). One
of the current biomarkers for OA is imaging, i.e. using MRI to scan changes in
cartilage volume, thickness or composition. This is a very expensive way to detect OA

and x-ray is the current method of choice, but can only detect late stage OA. Therefore,



there is a preference for use of biochemical markers in blood, urine or synovial fluid.
However, no reliable biochemical marker is currently available. This could be a
molecule that is causing the joint damage or the presence of which is caused by joint
damage. Currently, it is thought that molecules linked to joint damage relating to tissue
degradation or synthesis are the most likely type to be identified. Patient studies have
demonstrated that there are differences in levels of markers of tissue turnover between
healthy controls and people with OA (Garnero et al. 2001). Some of the proteins

analysed as biomarkers for OA will be discussed here.

As there is likely to be increased cartilage turnover in OA patients and degradation
products of ECM can be released into the synovial fluid and blood serum, the levels
of these may indicate the presence of disease or progression. The collagen type II C-
telopeptide (CTX-II, a degradation product of collagen type II) can be detected in urine
using an ELISA with a monoclonal antibody to CTX-II (Christgau et al. 2001). Where
there is increased cartilage turnover, there is an increase in CTX-II C-telopeptide
release, which suggests that measuring this protein can reflect elevated cartilage
destruction, but the levels were not significantly reduced after 3 months of
rehabilitation (Garnero ef al. 2001). The knee lesion severity was found to correlate
with urine CTX-II levels in older patients, but not in younger patients (Christgau et al.

2001).

There is also a possible role for analysing ADAMTS-5 degradation of aggrecan, which
is an important proteoglycan component of cartilage with roles in the compressive
strength and in chondrocyte cell-cell and cell-matrix interactions. Degradation of
aggrecan by ADAMTS-5 produces an ARGS neo-epitope This protease has been
shown to drive cartilage loss in preclinical models of arthritis and higher serum levels
of ARGS epitope were found in OA patients who had undergone total knee
replacement (TKR) (Germaschewski et al. 2014). There was, however, no difference
in serum concentration of ARGS between OA patients without TKR and healthy
controls (Germaschewski et al. 2014). Again, as this biomarker cannot identify all OA
patients, especially those at early stages of OA, it is not an ideal biomarker for early

diagnosis and is instead likely to indicate disease burden (Bay-Jensen ef al. 2016).

Cartilage oligomeric protein (COMP) is a degradation product of articular cartilage
(Verma and Dalal 2013). Serum COMP levels were found to be significantly higher in



knee OA patients than in the control group (without knee OA) and this elevation was
seen throughout the first 3 years of disease (Verma and Dalal 2013). However, 17%
of tested knee OA patients showed serum COMP levels that overlap with control, with
this overlap more likely in younger, female OA patients (44-48 years) (Verma and
Dalal 2013). This indicates that while serum COMP levels may be useful in diagnosing
early OA, they are not able to identify all cases of OA.

As an alternative to cartilage degradation products, the involvement of inflammation
suggests that the presence of inflammatory mediators could be used as biomarkers.
Interleukin 1 receptor antagonist (IL-1Ra) is an inhibitor of IL-1 signalling, which
mediates its effect through binding to the IL-1 receptor on the surface of the cell but
not initiating signalling and preventing IL-1 binding (Arend ef al. 1994). There is a
modest association between IL-1Ra and severity or progression of OA (Attur ef al.
2015). Higher levels of IL-1Ra gave increased JSN after 24 months (Attur ez al. 2015).
This suggests that IL-1Ra could therefore be used as a prognostic indicator, but has
not been shown to be a useful early stage OA diagnostic biomarker. Another study
showed that higher levels of IL-6 or TNF-a in synovial fluid was associated with
increased osteophyte development and increasing levels of either gave progressive
JSN (Larsson et al. 2015). This presents cytokines and immune modulators as
potential targets for monitoring or modifying disease progression, but again is likely

to show later in the disease process, once significant damage has already occurred.

Due to the considerable overlap between the groups (healthy vs disease or between
patients with different pathology) in all of the biomarkers tested to date, these tests are
not diagnostic in individual patients even though clear differences sometimes exist
between the groups. These biomarkers are also likely to be more useful for confirming
OA at later stages of disease. This demonstrates that current biomarkers are not
sufficiently selective of patients to be useful in clinically diagnosing OA. Most of the
biomarkers studied to date use quantitative difference for diagnosis as they are related
to tissue turnover. This explains why this cross-over between healthy controls and
patients can occur as tissue turnover is often affected by other underlying conditions
(Lotz et al. 2013). Therefore, there is a need for a qualitative biomarker, the presence

or absence of which could give a definitive diagnosis of OA.



1.4 TG2 in OA

Transglutaminase 2 (TG2) is an enzyme capable of modifying glutamine side chains
of target proteins, with roles in stabilising extracellular assemblies and important
functions in tissue repair. The gene for TG2 has been found to be up-regulated in OA,
and TG2 is the dominant catalytically active TG in the extracellular matrix of the
cartilage (Fig. 1.2) (Summey et al. 2002; Tarantino et al. 2013). The Hartley Guinea
Pig model is a well-characterised model of spontaneous knee OA. In these animals it
has been shown that both TG2 and the isopeptide bonds formed by TG2 are abundant
in the early stages of disease (Huebner et al. 2009). The levels of TG2 in this model
also correlate to the severity of the disease, at both the mRNA level in the chondrocytes
and the protein level in the synovial fluid (Huebner ez al. 2009). Another model of OA
(surgically induced knee joint instability in mice) has also implicated TG2 in the
disease process by demonstrating that TG2 knock-out mice have decreased cartilage
destruction (Orlandi et al. 2009). This shows that increased expression of TG2 in the
osteoarthritic joint is part of the disease process or indirectly exacerbates the disease
process. TG2 is present extracellularly and involved in cross-linking in this disease

(Orlandi et al. 2009).
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Fig. 1.2 TG2 expression in normal and OA cartilage. Histology of serial sections of human

head femur articular cartilage shows a smooth surface and normal cartilage in a, with low TG2
expression in b. Osteoarthritic cartilage staining shows increased destruction in ¢ and an increase in

TG?2 expression in d. Figure reproduced from Tarantino et al, 2013.

In the growth plate TG2 has been found to be a marker for chondrocyte hypertrophy
and is required for chondrocyte maturation and differentiation resulting in calcification
(Aeschlimann et al. 1993; Aeschlimann et al. 1996). This is possibly through
regulation of extracellular matrix-cell communication (Johnson and Terkeltaub 2005).
Chondrocyte hypertrophy and calcification of joint cartilage is part of OA pathology,
resulting in the formation of osteophytes. N-¢ (y-glutamyl) lysine cross-links are
abundant in the bone matrix and correlate with mineralisation seen in OA, supporting
a role for TG2 in the pathogenesis of this disease (Johnson and Terkeltaub 2005). This
means that reaction products of TG2 could provide a novel biomarker in the form of a

protein in the extracellular matrix of the joint that has been modified by TG2 in a way



specific to the disease. It has been demonstrated that the extracellular activity of TG2
is important to its role in OA (Johnson and Terkeltaub 2005). Therefore, to understand
the role of TG2 in OA and to identify disease relevant reaction products, it is important
to understand the mechanism by which it is released from cells. Externalisation of TG2
is linked to transamidation reactions via Ca?"-dependent activation of the enzyme

(Johnson and Terkeltaub 2005).

1.5 Transglutaminases

The transglutaminase (TG) family has nine members, all with related structures and
enzymatic functions (Grenard et al. 2001). All of the members, except band 4.2
protein, are protein-glutamine y-glutamyltransferases, which perform post-
translational modification of glutamine side chains of proteins in a calcium dependent
manner. These enzymes belong to the papain-like superfamily of cysteine proteases
due to the structural homology of the catalytic domain of TGs to these cysteine
proteases (Makarova et al. 1999). The TG family comprises factor XIII, keratinocyte
TG (TG1), tissue TG (TG2), epidermal TG (TG3), prostate TG (TG4), TGS, TG6 and
TG7 and there is one catalytically inactive homologue (erythrocyte band 4.2). These
different members of the TG family are likely to have arisen due to gene duplication
and rearrangement (Grenard et al. 2001; Deasey et al. 2012; Thomas et al. 2013). Each
member of the transglutaminase family has a specific expression pattern and can

selectively cross-link proteins (Beninati and Piacentini 2004).

Factor XIII is expressed in megakaryocytes, platelets, macrophages, dendritic cells,
chondrocytes and osteoblasts (Kiesselbach and Wagner 1972; Henriksson ef al. 1985;
Cerio et al. 1989; Nurminskaya et al. 2002; Nakano et al. 2007). FXIII exists in
different forms, whether it is intracellular or circulating in blood plasma. Plasma FXIII
is a tetramer, consisting of two FXIIIA subunits, which are capable of being active,
and two FXIIIB subunits, which are inhibitory (Aeschlimann and Paulsson 1994). In
cells, FXIII is a dimer of two FXIIIA subunits (Aeschlimann and Paulsson 1994).
FXIII is activated by thrombin dependent proteolysis, cleaving off the activation
peptide on the FXIIIA subunit (Aeschlimann and Paulsson 1994). In the presence of
Ca?", the FXIIIB subunits then dissociate, leaving the active FXIlla enzyme
(Aeschlimann and Paulsson 1994). In the blood, FXIIla is responsible for stabilizing

fibrin clots to facilitate blood coagulation (Lorand 2001). In humans, a deficiency in
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FXIITA results in a bleeding disorder that can lead to premature death due to
haemorrhage (Anwar and Miloszewski 1999). FXIIIA deficient mice also have
clotting disorders, which leads to reduced survival of pregnant females due to
spontaneous haemorrhage (Lauer et al. 2002). There is also reduced survival of male

mice due to fibrosis (Souri et al. 2008).

TG1, TG3 and TGS are skin and hair transglutaminases, with roles in maintaining
these structures. All have roles in the formation of the stratum corneum (the outermost
layer of the skin, formed of dead cells) during terminal keratinocyte differentiation.
TG1 is expressed at low levels in proliferating keratinocytes, with an increase in
expression during keratinocyte differentiation, cross-linking cornified envelope
proteins (Steinert et al. 1996). TG1 is membrane associated and hence essential for
binding the proteinaceous cornified membrane to the lipid membrane (Steinert et al.
1996). TG1 knockout mice demonstrate the importance of this enzyme in the function
of this membrane and have defects in cornified envelope formation and in
development of the skin permeability barrier (Kuramoto ez al. 2002). TG3 is expressed
in epidermal cells and also has roles in formation of the stratum corneum and can also
cross-link structural proteins in the hair follicle (Tarcsa et al. 1997). TG3 knockout
mice demonstrate the role of this protein in hair structure, having a curled structure of
their hair and whiskers due to alterations to the crosslinking of structural proteins
(lismaa et al. 2009). TGS expression has been identified during the early stage of
epidermal differentiation (Candi et al. 2002). TGS knockout mice have not been
generated, but deficiency in humans causes acral peeling skin syndrome,
demonstrating an important role in the integrity of the skin (Cassidy et al. 2005). These
TGs are activated by proteolysis; TG1 is processed by cathepsin D to form a
10/67/33kDa complex (Steinert et al. 1996; Egberts et al. 2004), TG3 is processed by
cathepsin L into a 50/27kDa complex (Kim et al. 1990; Cheng et al. 2006) and TGS
activation may require processing, however the exact nature of this is unclear (Pietroni

et al. 2008).

TG6 expression has been shown to be widespread in neuronal cells of the brain, spinal
cord and the retina, but has also been identified in the skin (Thomas et al. 2013). TG6
has been implicated in neurological conditions, specifically those induced by gluten

(Thomas et al. 2013). TG6 appears to have a role in gluten ataxia, where
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autoantibodies are generated to TG6, allowing gluten sensitivity to have effects on the
central nervous system (CNS) (Hadjivassiliou et al. 2008; Hadjivassiliou et al. 2013).
Mutations in the gene coding for TG6 have also been identified in spinocerebellar
ataxia type 35, where mutations in TG6 reduce its stability or activity, resulting in cell

death (Guan et al. 2013).

There is little information regarding the functions of TG4 and TG7 in humans. In mice,
deficiency in TG4 results in defects in copulatory plug formation, resulting in reduced
fertility (Dean 2013). It has been suggested that an increase in TG4 expression could
be related to aggressive prostate cancer (Jiang and Ablin 2011). TG7 has also been
linked to poor cancer prognosis, in this case where increased expression of TG7 is

seen in breast cancer cells (Jiang ef al. 2003).

The inactive TG homologue, erythrocyte band 4.2 is expressed in red blood cells (Zhu
et al. 1998). This protein is inactive due the substitution of the active site residues
(lismaa et al. 2009). This protein plays a mainly structural role, as a major component
of the erythrocyte membrane skeleton, binding ankyrin and the cytoplasmic domain
of anion exchanger 1 and linking the membrane to the cytoskeleton to maintain
membrane shape and stability (Ilismaa et al. 2009). Deficiency in erythrocyte band 4.2
therefore leads to structural problems with red blood cells, whereby the cells are
smaller due to membrane loss and are more spherical, lacking some of the

characteristic biconcavity of the cell (Iismaa et al. 2009).

1.6 Expression of TG2

TG2 is the most ubiquitously expressed member of the TG family, and is constitutively
expressed in endothelial cells, smooth muscle cells, fibroblasts, and many organ-
specific cell types, for example chondrocytes (Thomazy and Fesus 1989; Aeschlimann
and Paulsson 1991; Aeschlimann ez al. 1993). Due to this widespread expression, TG2
is found in many cells of the immune system including cells of the myeloid and
lymphoid lineages (Eckert et al. 2014). In these cells, TG2 may regulate
differentiation, for example TG2 expression increases substantially during monocyte
differentiation into macrophages (Murtaugh et al. 1984). The gene for TG2, TGM2,
has response elements for NF-«B, retinoic acid, TGF-p and IL-6 (Aeschlimann and
Thomazy 2000). TNF-a treatment of liver cells also increased the TG2 mRNA levels

and cross-linking, indicating an increase in the amount of active TG2, mediated
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through NF-xB (Kuncio et al. 1998). TG2 is also present in a variety of cell
compartments, including the cytoplasm, mitochondria and nucleus, as well as being
present at the cell surface (Nurminskaya and Belkin 2012). The sub-cellular
localisation can have effects on the function of TG2, through allosteric regulation of
conformational changes by various cofactors, including Ca?*, nucleotides and
thioredoxin or proteins that it interacts with. For example, TG2 can form a complex
with retinoblastoma (Rb) which in the cytoplasm has a pro-apoptotic function and in

the nucleus has an anti-apoptotic function (Milakovic et al. 2004).

1.7 Types of reactions performed by TGs

Transglutaminases perform post-translational modification through three different
reaction types; transamidation, esterification and hydrolysis (Folk et al. 1968). These
result in one of five different post-translational modifications shown in fig. 1.3. These
reactions require a glutamine containing protein or peptide (the acceptor substrate),
which reacts with the active site cysteine forming the y-glutamylthioester, the acyl-
enzyme intermediate, and releasing ammonia. This is followed by a deacylation step,
which can be through one of the three reaction types. There can be hydrolysis of the
substrate (Fig. 1.3 ¢), binding of the second substrate, which can be an amine to give
a transamidation reaction (Fig. 1.3 a-c) or alcohol giving esterification (Fig. 1.3 d).
These all result in cleavage of the thioester bond and regeneration of the active
enzyme. The detailed mechanism for a cross-linking reaction is shown in fig. 1.4
(Lorand and Graham 2003). The result of a transamidation reaction between proteins
is cross-linking where the glutamine containing protein is cross-linked to a lysyl
residue by an N*-(y-glutamyl)lysine isopeptide bond (Fig. 1.3 a). Amine incorporation
occurs where an amine is incorporated into a glutamine side chain of the acceptor
protein (Fig. 1.3 b). The lysine side chain of a donor protein can also be acylated by a
glutamine-containing peptide of suitable sequence (Fig. 1.3 ¢). Esterification is fatty
acid modification of an acceptor-protein glutamine side chain and has been described
in the context of cornified envelope formation (Fig. 1.3 d) (Nemes ez al. 1999). Finally,
hydrolysis results in either deamidation when using H>O as a donor whereby the NH>
group on the acceptor protein glutamine side chain is replaced with an OH group to

form a glutamate (Fig. 1.3 ¢) or isopeptide cleavage, involving a H>O molecule acting
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as a donor, breaking the isopeptide bond cross-linking two proteins (Fig. 1.3 ) (Ilismaa
et al. 2009).

Image removed due to copyright

Fig. 1.3 — Post-translational modifications performed by TGs (Lorand and
Graham 2003)

Image removed due to copyright

Fig. 1.4 — Cross-linking reaction mechanism. Substrate 1 (glutamine containing) forms a

complex with the cysteine of the TG2 active site, then the oxyanion intermediate forms through
hydrogen bonding between the Cys nitrogen and the nitrogen of the active site Trp, which stabilizes the
interaction. Acylation causes release of NH3 and formation of the acylenzyme intermediate. There is
then nucleophilic attack by substrate 2, forming the oxyanion intermediate. Finally, deacylation occurs

and the cross-linked product is released and TG is regenerated (lismaa et al. 2009).

There are several defining features of TGs; they have a papain-like Cys-His-Asp
catalytic triad and a crucial tryptophan residue 36 residues upstream of this Cys, which
is necessary for the proper interaction of the enzyme active site Cys with the substrate
(Hettasch and Greenberg 1994; Pedersen er al. 1994) (Fig. 1.4). They also show
saturable binding of the second substrate to the acylenzyme intermediate, making this
likely to be the rate limiting step (steps shown in fig. 1.4) (Curtis et al. 1974). The
acylenzyme intermediate has different specificity for certain amine containing
substrates, when examined experimentally, it has lower binding affinities putrescine
and n-butylamine (which occur physiologically) than the affinity for dansylcadaverine
(which is used experimentally), demonstrating that there are likely to be differences in
the affinity for physiological substrates, leading to preferential use of certain substrates

(Curtis et al. 1974).

1.8 Unique characteristics of TG2

As well as having a latent transamidation activity TG2 has several other unique
characteristics, including ubiquitous expression in mammalian tissues. In the cell, TG2
can be found in the cytosol as well as associated with the cell membrane and nuclear
membrane. TG2 has been shown to interact with phospholipids (Fesus et al. 1983;
Zemskov et al. 2011) or be membrane bound indirectly by interacting with integral

membrane proteins such as integrins, GPR56 (G-protein coupled receptor 56) and
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syndecan 4, among other plasma membrane proteins (Akimov et al. 2000; Xu et al.
2006; Telci et al. 2008). TG2 has a nucleotide binding site and interacts with GTP with
high affinity (Begg et al. 2006a). GTP-bound TG2 is capable of GTP hydrolysis,
acting as a G-protein, for example through an interaction with the ol-adrenergic
receptor, which can then initiate downstream signalling (Nakaoka et al. 1994). TG2
also has a variety of extracellular roles, these are predominantly in the cell stress
response and tissue repair, and relate to its transamidation activity, but it also has roles
in cell migration, differentiation and tissue mineralisation (such as endochondral
ossification) amongst others (Aeschlimann et al. 1993; Aeschlimann et al. 1996;
Akimov and Belkin 2001; Stephens et al. 2004). TG2 is also involved in stabilising
the dermo-epidermal junction (Raghunath et al. 1996) and having a role in activating

TGF-B in inflammation (Nunes et al. 1997).

1.9 Structure and allosteric regulation of TG2

TG2 is a ~78kDa protein, comprising four domains (common to all TGs); an N-
terminal B-sandwich domain, a catalytic core and two C-terminal B-barrel domains
(Liu et al. 2002). These domains adopt different positions in relation to each other,
depending on whether the molecule is in its Ca**-facilitated active form or GTP-bound
inactive conformation (Fig. 1.5). Transglutaminase activity of TG2 is latent, so it is
activated by calcium binding to at least 3 sites on the molecule (Ahvazi et al. 2003;
Kiraly et al. 2009), and is inhibited by GTP binding at an allosteric site (Begg et al.
2006a). Ca?" binding causes a relaxation of the molecule to allow substrate access to
the active site through a channel which then triggers it to adopt the 'open’ conformation
(Pinkas et al. 2007). GTP, GDP and to a lesser extent ATP inhibit transamidation
activity through formation of a 'closed' structure (Fig. 1.5). In this conformation the
substrate is unable to access the active site. In the intracellular environment there is a
high level of GTP (100-200uM) and a low level of Ca?" (<1uM) meaning that TG2 is
likely to be in the closed conformation. Once TG2 has been released from cells it is
more likely to be in the open conformation as in the extracellular environment there
are higher levels of Ca?" (1.5-2.5mM) and very low levels of GTP, so the enzyme has
transamidation activity. During cell stress, it is likely that the levels of Ca?* inside the
cell rise, potentially allowing activation of TG2 inside the cell and hence cross-linking

of intracellular proteins occurs (Pinkas ef al. 2007).
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Fig. 1.5 — Peptide inhibitor bound (transamidation intermediate) and GTP bound

conformations of TG2. Inside the cell there is a higher level of GTP, so TG2 is in the closed

conformation. Outside the cell there is a higher level of Ca?>" and TG2 can adopt the open conformation

(Reproduced from Professor Daniel Aeschlimann).

1.10 GTP binding pocket

The GTP binding pocket of TG2 is located at the interface of the catalytic core domain
and B-barrel 1 (Liu ef al. 2002; Jang et al. 2014). Within the B-barrel 1 domain, amino
acids 476 to 482 and 580 to 583 have been shown to be important for GTP and GDP
binding (Liu et al. 2002; Jang et al. 2014) (Fig. 1.6). In the core domain, K!”3 and F!74
are required for GTP binding (Liu et al. 2002). There are several important residues
thought to be required for hydrolysis of GTP in addition to binding (Fig. 1.6). These
include R** in human TG2, substitution of which to alanine abolishes GTP binding
(Begg et al. 2006a; Ruan et al. 2008).There are also two further arginine residues —
R#76 and R#”® — which bind the phosphate groups of the GTP (Liu et al. 2002), as does
R38. Several residues are required for binding the nucleoside group of GTP, including
F'7* (Liu et al. 2002). K!'7* extends over the bound GTP to stabilize the interaction
between the TG2 and GTP (Johnson and Terkeltaub 2005).
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Fig. 1.6 — Important residues in the GTP binding pocket of human TG2. Figure was

generated based on the x-ray crystal structure of the TG2-GTP complex (Jang et al. 2014) by Shannon
Turberville. Residues forming the GTP binding pocket are highlighted and labelled. Green residues are
those from the B-barrel 1 domain of TG2, pink residues are from the core domain. Dashed lines indicate
that the positions of charges are close enough for an interaction of that residue with GTP, i.e. less than

3.5A in distance.

1.11 Further mechanisms of TG2 activity regulation

In addition to regulation by GTP and Ca?" binding, the activity of TG2 can also be
regulated by other mechanisms, including binding to another protein and oxidation
resulting in disulphide bond formation (Stamnaes et al. 2010). Protein-protein
interactions can regulate TG2 activity by affecting the access of substrates to the active
site. For example, the heparan sulfate binding site is located on the closed
conformation of TG2, thereby modulating other activities of TG2 when it is bound to

heparan sulfate (Lortat-Jacob et al. 2012).

In the extracellular environment, despite high levels of Ca?", TG2 is often inactive due
to oxidation causing a disulphide bond to form initially between C?3° and C*7°, which
can then facilitate formation of a disulphide bond between C37° and C*"! (Fig. 1.7)

(Stamnaes et al. 2010). These disulphide bonds can form when TG2 adopts the Ca?*
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bound, open conformation and inactivate TG2 (Stamnaes et al. 2010). This mechanism
appears specific to TG2 as these Cys residues are not conserved in other TG isoforms.
Thioredoxin-1 has been suggested to reactivate oxidized enzyme (Jin et al. 2011).
Thioredoxin-1 acts on a broad range of protein targets to modulate their activity in
response to the redox environment, by reversible reduction of disulphide bonds (Arner
and Holmgren 2000). Reduced thioredoxin-1 has a hydrophobic surface area, allowing
binding to an oxidised substrate protein (in this case, TG2 with a disulphide bond)
(Eklund et al. 1984). Thioredoxin-1-(SH), contains two active site cysteines, one of
which acts as the attacking nucleophile, forming a covalently linked transition state
between the two proteins (Holmgren 1995). The first proton is transferred to TG2, then
the deprotonated cysteine can attack the second cysteine of thioredoxin-1, causing its
proton to also transfer, and formation of a disulphide bond in thioredoxin-1, resulting
in thioredoxin-1-(S); and reduced substrate, in this case TG2 (Holmgren 1995).
Thioredoxin reductase can then reactivate thioredoxin-1 by another reduction reaction
(Arner and Holmgren 2000). Thioredoxin reductase contains a selenocysteine and a
cysteine in its active site, which, along with NADPH, reduce the disulphide bond of

thioredoxin-1, resulting in reactivation of thioredoxin-1 (Arner and Holmgren 2000).
Image removed due to copyright

Fig. 1.7 — Schematic of the oxidation of TG2 leading to inactivation. Figure adapted

from (Stamnaes et al. 2010).

1.12 Physiological Functions of TG2

Given that TG2 has been investigated for over 4 decades, it is not possible to
comprehensively cover all of the available information. A brief summary of relevant
aspects is given and the reader referred to in depth review articles for further detail
(Aeschlimann and Thomazy 2000; Nurminskaya and Belkin 2012). There are many
roles for the modified substrates of TGs. For example, TG2 transamidation is
important for matrix stabilization needed for wound healing, angiogenesis and bone
remodelling (Aeschlimann and Thomazy 2000). For these roles, it is essential that TG2
is released from the cells into the ECM. Once TG2 has been externalized, besides
crosslinking target proteins, it also has structural roles as it forms a complex with
fibronectin, bridging binding to syndecan 4 (Stephens et al. 2004; Telci et al. 2008).

This subsequently activates PKCa which can then translocate to the membrane and
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bind to the intracellular region of B1 integrin, triggering signalling, which is involved
in wound healing (Stephens et al. 2004; Telci et al. 2008). TG2 also has important
roles in the intracellular environment, mainly in protein cross-linking during apoptosis
where TG2 can specifically cross-link SP1, a transcription factor, to induce apoptosis
(Tatsukawa et al. 2009). TG2 can also act as a scaffold protein, regulating actin

cytoskeleton organization (Yi et al. 2009).

TG2 expression and activity increase in inflammation due to regulation of the gene by
proinflammatory cytokines, in particular IFN-y (Bayardo et al. 2012). Tgm2 has a
TGEFB-1 response element in its promoter, with different cells responding to this
stimulus differently, for example, TGFB-1 results in upregulation in fibroblasts and
downregulation in epithelium (Ritter and Davies 1998). TG2 expression can also be
increased by NFkB (Ai ef al. 2012), IL-1 (Johnson ef al. 2003a) and IL-6 (Suto et al.
1993), with increased expression enhancing cross-linking activity (Johnson et al.
2003a). There is also increased TG2 expression in macrophages infiltrating wounds
(Murtaugh et al. 1983; Murtaugh et al. 1984), which accounts for the increase in
phagocytic capacity of macrophages in comparison to monocytes (Seiving et al.
1991). Due to increased amounts of surface TG2, macrophages also show increased
adhesion to fibronectin, with cells not expressing TG2 having reduced adhesion
(Akimov and Belkin 2001). TG2 is also involved in differentiation of immune cells,
for example dendritic cell differentiation induced by lipopolysaccharide (LPS) (Matic
et al. 2010) and neutrophil granulocytes (Balajthy et al. 2006). This indicates the

important role of TG2 in the correct functioning of the immune system.

In bone, TG2 plays an important role in endochondral ossification, where the hyaline
cartilage formed in the embryo is replaced by bone (Nurminskaya and Belkin 2012).
This replacement is termed osteogenesis and it is during this process that chondrocyte
proliferation stops and chondrocyte hypertrophy begins. Hypertrophic chondrocytes
secrete type X collagen and differentiate further to deposit mineral into the
surrounding matrix, after which the cells undergo apoptosis (Long and Ornitz 2013).
TG2 and FXIIIA expression is upregulated in these hypertrophic chondrocytes
(Johnson and Terkeltaub 2005). Addition of TG2 exogenously increases
mineralisation and chondrocyte hypertrophy and the induction of chondrocyte

hypertrophy is enhanced by GTP binding to TG2 (Johnson and Terkeltaub 2005).
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However, TG2 knockout mice do not have serious skeletal developmental
abnormalities, indicating that TG2 is dispensible for this process. Deficiencies do
become apparent once the mice become injured or in experimental models of disease,
having delayed tissue repair. It has been suggested that FXIIla, which is also involved
in this process, can compensate for the lack of TG2 expression, however TG2 and
FXIITA knockout mice also have no serious skeletal abnormalities (De Laurenzi and

Melino 2001).

1.13 G-protein functions of TG2

When TG2 is GTP bound, which is likely to occur intracellularly due to high GTP
concentrations, it can function as a G-protein (Nakaoka et al. 1994). This activity
occurs in the absence of transglutaminase activity and Ca*" bound TG2 has no GTPase
activity (Kiraly et al. 2009). Inside the cell, TG2 is associated with calreticulin, which
may regulate TG2 activity by suppressing GTP binding/hydrolysis and transamidating
activities, meaning that it is inactive for signalling (Fig. 1.8) (Feng et al. 1999). When
an agonist binds a relevant G-protein coupled receptor (GPCR), the receptor induces
exchange of GDP for GTP in TG2, causing dissociation from calreticulin (Feng et al.
1999). In this way intracellular TG2 is capable of responding to and passing on
extracellular signals, through interactions with transmembrane receptors including a1
adrenergic, thromboxane A2 and oxytocin receptors (Baek et al. 1993; Park et al.
1998; Vezza et al. 1999). For example, epinephrine binding of the al adrenergic
receptor induces TG2 interaction with the receptor and TG2 binding to PLCSI
(Nakaoka et al. 1994; Feng et al. 1996). This leads to phosphoinositide hydrolysis and
an increase in intracellular Ca?* (Kang et al. 2002), which will have a variety of
downstream effects in different cells, in some cases through protein kinase C (PKC)
activation (Fig. 1.8) (Almami et al. 2014). This pathway can also activate ERK and
MEK in cardiomyocytes and induce cell proliferation in hepatocytes (Lee et al. 2003).
PLCS1 can also act as a guanine nucleotide exchange factor (GEF) for TG2 and as a
GTP hydrolysis inhibitory factor (GDI), amplifying the signal from TG2 binding to
the receptor (Fig. 1.8) (Baek et al. 2001).

Image removed due to copyright
Fig. 1.8 - TG2 G protein activity. Activation of a G-protein coupled receptor (GPCR) induces

GTP binding by TG2, resulting in calreticulin (CRT) dissociation (1) from TG2 complex, activating G-
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protein function of TG2 and PLC381 binding (2). TG2 binding activates PLC31, allowing it to catalyse
phosphatidylinositol 4,5-bisphosphate (PIP2) conversion to diacylglycerol (DAG) (6) and release of
inositol 1,4,5-triphosphate (IPs), which increases intracellular Ca>" levels. PLCS81 stabilises GTP
binding by TG2 and stimulates GDP release from TG2, acting as a GEF (5) and slows down GTP
hydrolysis, acting as a GDI (3), although GTP hydrolysis can still occur. GDP bound TG2 can then be
inhibited by CRT binding (4) and either enter the cycle again at (1) or bind to Ca?", inhibiting TG2 G-
protein functions. Adapted from (Eckert et al. 2014).

1.14 Non-enzymatic roles of TG2

TG2 also has roles that do not involve any of its enzymatic activities or G-protein
functions, which can have effects on cell adhesion, migration and the formation of
focal adhesions between different cell types (Lorand and Graham 2003; Stephens et
al. 2004). These involve non-covalent interactions with other proteins. For example,
TG2 can interact with fibronectin to form fibronectin matrix fibrils, thereby stabilising
the ECM, without needing cross-linking activity (Turner and Lorand 1989). TG2 can
also interact with integrins, which are cell surface receptors capable of interacting with
ECM and with a connection to the cytoskeleton (Akimov et al. 2000) although no
direct interaction between these molecules has been demonstrated and this therefore
may be an indirect interaction. TG2 is able to simultaneously interact with both
proteins, allowing cells to interact with fibronectin, thereby promoting cell adhesion
and spreading (Akimov et al. 2000). Interaction with heparan sulfate allows TG2 to
participate in signalling, as heparan sulfate can act as a signalling co-receptor affecting
tissue distribution and cellular trafficking. An interaction with heparin is essential for
cell adhesion to the TG2-fibronectin matrix, thereby affecting the interaction between
the cell and the extracellular matrix (Lortat-Jacob et al. 2012). These interactions can
also play a role in pathological situations, for example, the TG2-GPR56 interaction

aids cell adhesion and prevents cancer metastasis (Xu et al. 2006).

1.15 Pathological functions of TG2

Given its many roles it is not surprising that TG2 has also been implicated in
pathological processes, a small number of these will be discussed here. For example,
in normal circumstances TG2 can cross-link collagen I giving it resistance to
degradation by proteases, whereas this can lead to tissue fibrosis when TG?2 is
excessively released from cells due to damage and is no longer properly regulated

(Johnson et al. 2003b; Huang et al. 2009). Another example is celiac disease where

21



TG2 has been identified as the main autoantigen, with a, y-gliadins (gluten proteins)
being a preferred substrate for TG2 modification (Dieterich ef al. 1997). TG2 mediated
deamidation of gliadin peptides, leads to the generation of T-cell epitopes and
autoantibodies directed to either TG2 or the modified gliadin (Skovbjerg et al. 2004;
Iversen et al. 2013). In OA, chondrocyte hypertrophy occurs pathologically, involving
TG2 due to an increase in its expression and ultimately, activity (Johnson and
Terkeltaub 2005). An increase in expression of TG2 has also been observed in
osteoarthritic tissues in humans and mice (Orlandi et al. 2009). Surgical induction of
knee OA in wild-type and TG2 knockout mice has revealed that TG2 knockout leads
to a reduction in cartilage destruction and an increase in osteophyte formation (Orlandi
et al. 2009), confirming a role for TG2 in OA and indicating opposing effects on
different pathologies of OA. The role of TG2 in OA is discussed in more detail in

section 1.4.

1.16 Conventional protein secretion

In conventional protein secretion, proteins with an N-terminal or internal signal
peptide are directed through the endoplasmic reticulum (ER)/Golgi pathway to
subsequently be released from the cell (Fig. 1.9) (Nickel and Rabouille 2008). The
signal peptide targets the protein into the ER, through a signal peptide recognition
particle (Nickel and Rabouille 2008). Within the ER, proteins are folded (with the help
of chaperones) and unfolded or incorrectly folded proteins are redirected for
degradation and protein modification, such as N-linked glycosylation, is initiated
(Wang and Kaufman 2016). The proteins are then transported from the ER to the Golgi
apparatus in COPII coated vesicles (Nickel and Rabouille 2008). Inside the Golgi,
further protein modification, for example O-linked glycosylation, occurs (Ohtsubo and
Marth 2006). Proteins may also be processed, then proteins are sorted for transport to
the correct location in the cell. Proteins to be secreted by cells are packaged in COPI
coated vesicles, which can mediate transport back to the ER or towards the plasma
membrane (Nickel and Rabouille 2008). There are however, also secreted proteins that
lack a signal peptide and/or lack the glycosylation characteristic of the ER/Golgi

secretory pathway, indicating that they are secreted through an alternative mechanism.
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Image removed due to copyright

Fig. 1.9 Conventional protein secretion. The pathway for conventional protein secretion

involves directing the protein into the ER, due to the presence of a signal peptide in the protein. The
protein is then transported from the ER to the Golgi in COPII coated vesicles. Proteins pass through the
Golgi and those that are secreted from the cell are then transported to the surface of the cell in COPI

coated vesicles. (Nickel and Rabouille 2008)

1.17 Mechanisms of unconventional protein secretion

There are many different pathways for secretion beyond the conventional ER/Golgi
secretory pathway, although some have overlap with the conventional protein
secretion process and use part of its machinery. There are also many proteins that do
not undergo conventional secretion, in some cases this may be because this pathway
would be detrimental to the function of either the protein or the cell (Nickel and
Rabouille 2008). For example, signalling molecules and their receptors could interact
in the ER or Golgi when being synthesised by cells at the same time, resulting in
undesired signalling. In the case of thioredoxin, the oxidative environment could cause
protein misfolding, which would have detrimental effects on function (Nickel and

Rabouille 2008).

Proteins with signal peptides are directed into the ER and can then bypass the Golgi,
in some cases being taken to the plasma membrane in COPII vesicles, formed in the
ER (Wang et al. 2004). If these proteins had passed through the Golgi, the
modifications present would be different, thereby affecting protein function. Proteins
in COPII vesicles can also be transported into an endosomal or lysosomal
compartment, which can then fuse with the plasma membrane for protein secretion
(Nickel and Rabouille 2008). Transmembrane proteins can trigger stress in the ER,
leading to export bypassing the Golgi. One mechanism involving ER stress can
involve GRASPs (golgi reassembly stacking protein), proteins involved in
maintaining the structure and function of the Golgi. For example, GRASP55 under
conditions of stress becomes phosphorylated and localises to the ER (Kim et al. 2016),
where is recognises the PDZ domain of the protein to be secreted, aiding its

encapsulation and transport to the plasma membrane (Gee et al. 2011).

Protein secretion can also occur independently of either ER or Golgi, and proteins

using this alternative route are termed cytoplasmic or nuclear secretory proteins. For
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example, FGF2 (fibroblast growth factor 2) has been shown to translocate directly
across the plasma membrane (Schafer ef al. 2004). FGF2 is recruited to the plasma
membrane by ATP1A1 (Zacherl et al. 2015), a component of the Na/K-ATPase, then
FGF2 interacts with P1(4,5)P> (a phosphoinositide), which aids FGF2 oligomerisation
at the cell membrane (Muller et al. 2015). The oligomer formed by FGF2 adopts a
toroidal structure, with FGF2 in the centre and PI(4,5)P> interaction sites on the outside
(Steringer et al. 2012; Muller et al. 2015; Steringer et al. 2015). This FGF2 oligomer
inserts into the plasma membrane, forming a pore. Following this, FGF2 could be
directly translocated across the plasma membrane either by disassembly of the
oligomer and release of components outside the cell or the pore of the oligomer itself
regulating the secretion of FGF2 monomers (La Venuta et al. 2015). This is a novel,
regulated, secretory mechanism involving direct translocation across the plasma

membrane of an intracellular protein.

IL-1P is also secreted through several different non-conventional secretory pathways,
under tight regulation due to its role in inflammation. IL-1f has been proposed to enter
the endolysosome, under conditions of starvation, where it can be processed and
released when the endolysosome fuses with the plasma membrane (Andrei ef al
1999). IL-1 secretion also occurs during the process of cell death known as pyroptosis
(He et al. 2015). Activation of caspase-4/5, due to inflammasome formation on toll-
like receptor 2 (TLR2) activation, or capsase-1 through cross-talk with the NLRP3
inflammasome, leads to processing of gasdermin D (Kayagaki er al. 2015). The
gasdermin D N-terminal fragment then translocates to the plasma membrane, through
an interaction with PIP2, where is forms a pore through which IL-1f can be secreted
(Chen et al. 2016). It has also been shown that IL-1f secretion in macrophages occurs
when TLR4 and P2X7R are both activated (Fig. 1.10) (Netea et al. 2009). These
conditions lead to formation of the NLRP3 inflammasome, which activates caspase-1
(Netea et al. 2009). Caspase-1 activation leads to cleavage of pro-IL-1p, forming IL-
1B, which is then released from cells in microvesicles (Pizzirani et al. 2007; Netea et
al. 2009). This mechanism of regulated secretion is likely to occur in inflammation,
due to the presence of ATP extracellularly, leading to activation of purinergic receptors
including P2X7R (Bodin and Burnstock 1998), which are discussed in detail below.
P2X7R has also been implicated in the release of IL-6, a pro-inflammatory cytokine

which contains a signal peptide but has multiple different pathways for secretion
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(Solini et al. 1999). It is clear that TG2 secretion must occur in a regulated manner, as
the secretion occurs under specific circumstances, for example in chondrocyte
hypertrophy (Aeschlimann et al. 1993). However, it is unclear which mechanism or

parts of a known mechanism of unconventional secretion is relevant to TG2 secretion.

25



Fig. 1.10 IL-1p secretion from macrophages involving P2X7R. In macrophages,

activation of TLR4 has been shown to increase production of IL-1f mRNA and P2X7R activation has
been shown to activate the NLRP3 inflammasome, leading to caspase-1 activation and cleavage of pro-

IL-1P to IL-1p and its secretion via microvesicles.

1.18 Externalisation of TG2

TG2 lacks a signal peptide and is therefore not directed into the ER (Aeschlimann and
Paulsson 1994). TG2 also lacks the glycosylation characteristic of the ER/Golgi
secretory pathway, despite harbouring multiple target sequences, indicating that it
follows an alternative mechanism for secretion (Aeschlimann and Paulsson 1994). All
TGs lack the N-terminal hydrophobic leader sequence typical of most secreted
proteins, but TG2 and FXIlla are released into the extracellular matrix by cells and
have well established extracellular functions (Aeschlimann and Paulsson 1994). This
leader sequence normally directs proteins through the ER and Golgi to then be
transported out of the cell as discussed above. Therefore, it is likely that TG2 is
released via an ER/Golgi independent pathway.

Several mechanisms for TG2 externalisation have been suggested. Zemskov et al.
proposed that TG2 is imported into recycling endosomes by phospholipid-dependent
binding to the vesicle, then delivery inside the vesicle. The vesicle then fuses with the
plasma membrane, exposing TG?2 to the extracellular environment. This is suggested
to be a route for constitutive TG2 externalisation (Zemskov et al. 2011). However, the

implied mechanism for membrane translocation into the endosomes remains
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undefined. It has also been suggested in experiments using smooth muscle cells that
TG2 release could be via microparticles as a TG2/eGFP fusion protein could be
identified inside these vesicles (van den Akker ef al. 2012). Both of these studies
suggested that a local increase in Ca>* was required for TG2 externalisation. However,
we hypothesised that TG2 could be released in a pathway similar to that of IL-1p (Fig.
1.10). Our group has shown that, consistent with this hypothesis, TG2 can be released
in response to P2X7R stimulation by ATP (Adamczyk 2013; Adamczyk et al. 2015).
However, we have also shown that TG2 could be released from cells (other than
myeloid cells) that lack some components of the inflammasome, formation of which
is required for the externalisation of IL-1f, indicating some differences between the
two pathways (Adamczyk 2013; Adamczyk et al 2015). Furthermore, TG2 was
released as free protein and not in vesicles, despite P2X7R inducing abundant

microvesicle shedding (Adamczyk et al. 2015).

1.19 ATP in inflammation

As we have demonstrated TG2 secretion can be induced by P2X7R activation,
extracellular ATP is clearly involved in the process of TG2 export by cells. ATP can
be released by a variety of cells during inflammation, including immune cells such as
activated platelets and leukocytes and non-immune cells, including epithelial and
endothelial cells (Fitz 2007; Cauwels et al. 2014). This release can occur in a regulated
manner or through leakage from damaged cells, as well as being released from cells
that are exposed to mechanical stress such shear stress but are not irrecoverably
damaged (Lazarowski et al. 2003). Apoptotic cells have been shown to release ATP
through pannexin-1 channels, acting as a signal to phagocytic cells to attract them to
the location of the dying cell (Chekeni er al. 2010). Release of ATP allows it to
accumulate extracellularly, particularly when combined with downregulation of
ectonucleotidases, resulting in the activation of ATP-sensitive receptors (Eltzschig et
al. 2012). This suggests that ATP is a mediator of inflammation at an early stage of the
process (Bodin and Burnstock 1998). ATP has a variety of pro-inflammatory roles,
mainly mediated through NLRP3 inflammasome formation and activation (McDonald
et al. 2010), occurring at high extracellular ATP concentrations (millimolar range).

This includes aiding cytokine and chemokine secretion following tissue injury
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(Cauwels et al. 2014), and also, as our laboratory have recently demonstrated, possibly

TG2 secretion (Adamczyk 2013; Adamczyk et al. 2015).

1.20 Purinergic Receptors

Purinergic receptors are plasma membrane receptors capable of responding to the
purine nucleotide ATP, as well as its metabolites ADP, AMP and adenosine to varying
degrees (Burnstock 2007). There are two main classes of purinergic receptors, P1
receptors and P2 receptors. The main agonist for P1 receptors is adenosine, where P2
receptors respond to ATP (Burnstock 2007). The P2 receptors are further divided into
two families, P2Y receptors, which are G-protein coupled and P2X receptors, which
are ionotropic, forming cation selective channels (Burnstock and Kennedy 1985;
Burnstock 2007). Primarily, this difference in response type leads to comparatively
slow signalling from P2Y receptors and very fast signalling from P2X receptors
(Khakh 2001). P2Y receptors expressed in macrophages are critical for chemotaxis in
response to ATP, for example in the attraction of macrophages to the site of cell death
or tissue damage (Kronlage ef al. 2010). P2X receptors are more involved in mediating
the immune response, through secretion of cytokines (Gabel 2007). This appears to
occur at the site of tissue damage due to an increased responsiveness of P2X7 receptor
to ATP when ionic conditions (Na" and K" concentrations) are altered, which would
likely occur in vivo in damaged tissues (Gudipaty et al. 2001). Cell lysis results in
release of the contents of the cell, including ATP and increasing the concentration of
K* and organic ions due to their higher concentration intracellularly. This would alter
the ion concentrations most significantly in tissues with high cell density and a large
number of damaged or dying cells, resulting in increased P2X7R activation (Gudipaty
et al. 2001). Both P2Y and P2X receptor activation results in elevation of Ca**
concentrations in the cells. In the case of P2Y receptors, this is through release of Ca?*
from intracellular stores, such as in the ER (Cowen et al. 1989). P2X receptors also
cause release of Ca?* from intracellular stores, but this is overwhelmed by extracellular
Ca’" influx (Alonso-Torre and Trautmann 1993). The Ca?" increase in P2Y receptor
expressing cells is capable of increasing transcription of proinflammatory cytokines,
for example IL-6 (Hanley ez al. 2004).
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1.21 P2X receptors

There are 7 members of the P2X family, all of which are stimulated by ATP to form
channels selective for monovalent cations, or in some cases also allowing passage of
Ca?" or anions (North 2002). P2X receptors have a widespread tissue distribution,
including expression throughout many tissues of the body, including, but not limited
to, those of the central nervous system, the musculo-skeletal system, the
gastrointestinal system and the immune system (Surprenant and North 2009). Due to
the initial discovery of P2X receptors in the CNS, their role in mediating excitatory
synaptic transmission is now well-established (Surprenant and North 2009). The
generation of P2X receptor knockout mice has enabled further understanding of their

roles both physiologically and in pathology (Surprenant and North 2009).

Activation of P2X receptors by ATP leads to receptor trimerisation, predominantly as
homotrimers, however heterotrimers have been identified (Nicke ef al. 1998; Kawate
et al. 2009). These include P2X1/2, P2X1/4 P2X2/3, P2X2/5 P2X1/5, P2X 1/6,
P2X2/6 and P2X4/6, which have been shown to coimmunoprecipitate in these
combinations following expression in either oocytes or HEK293 (human embryonic
kidney cells 293) cells (Torres et al. 1999; Aschrafi et al. 2004; Nicke et al. 2005;
Brederson and Jarvis 2008; Jiang 2017). Receptor activation results in formation of
the ion channel, which is permeable to small cations in all P2X receptors, and receptors
also form signalling complexes through interactions with membrane components and
other receptors (Surprenant and North 2009). Activation of P2X receptors can, in some
cases lead to permeability to larger cations, such as Tris, NMDG, ethidium ions and
YO PRO-1, a DNA binding dye that has been used to study this property in P2X
receptors (Evans et al. 1996; Virginio et al. 1999b; Smart et al. 2003). This effect is
most pronounced in P2X7R, although it has also been suggested that P2X2, P2X4, and
P2X2/3 and P2X2/5 heterotrimers are also capable of forming the membrane pore,
however results with these receptors show inconsistencies (Khakh et al. 1999;

Compan et al. 2012).

P2X1 receptors (P2X1R) form a cation selective channel in response to ATP
application, with a low permeability to larger cations such as NMDG and tris (Evans
et al. 1996) . This suggests that P2X1R forms an ion channel, which does not widen

to also form a membrane pore. P2X1R was identified in platelets, and a deletion of a
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leucine (one of a run of four leucine residues at position 351-353) was found in an
individual with deficient platelet aggregation, which resulted in bleeding diathesis due
to deficient blood clotting (Oury et al. 2000). This mutation resulted in normal receptor
plasma membrane expression and therefore likely disrupts the channel structure or
conductance/opening, causing a lack of P2X1R function (Clifford et al. 1998; Oury et
al. 2000). In the immune system, P2X1R is involved in neutrophil chemotaxis, aiding
migration towards the site of inflammation or infection (Lecut et al. 2009). This
receptor also has a role in the nervous system, primarily in stimulation of the
sympathetic nerve, involved in contraction of the vas deferens (Mulryan ef al. 2000).
P2XI1R also interacts with members of the cytoskeleton, for example actin and -
tubulin (Lalo et al. 2011), which is essential for its role in arterial vasoconstriction

(Vial and Evans 2005).

P2X2 receptors (P2X2R) also form a cation selective ion channel, which has been
suggested to be either impermeable to larger cations (Such as NMDG) or to gradually
expand, increasing permeability, during prolonged activation of the receptor (Ding and
Sachs 1999; Eickhorst e al. 2002). P2X2R has a role in digestion, through enteric
neurotransmission and peristalsis of the small intestine (Ren et al. 2003), alongside
roles in neuronal signalling in the brain, including mediating excitatory signals to the
interneurons in the hippocampus and at the neuromuscular junction on skeletal

muscles (Khakh et al. 2003; Ryten et al. 2007).

P2X3 receptors (P2X3R) have a highly restricted expression pattern, being expressed
in sensory neurons (Chen et al. 1995). They therefore have a role in pain sensation
through mediation of stimulation of sensory neurons, as well as taste and temperature
sensation (Cockayne et al. 2000; Finger et al. 2005; Shimizu et al. 2005). However,
P2X3R knockout mice have shown both reduced and enhanced responses to thermal
stimuli, suggesting that there may be some compensation for the loss of P2X3R
(Shimizu et al. 2005). These receptors are highly responsive to ATP, requiring only
nanomolar concentrations to be activated (Sokolova et al. 2006), where other P2X
receptors require micromolar or even millimolar concentrations to be activated (North
2002) . P2X2/3R heterotrimers show some traits that are more in common with
P2X2R; they are inhibited by high calcium concentrations, whereas P2X3R have been

shown to be insensitive to high calcium. Furthermore, they show a gradual increase in
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permeability to larger cations following activation, again a feature not seen in P2X3R

but present in P2X2R (North 2002).

P2X4 receptors (P2X4R) induce permeability to larger cations, such as NMDG over a
period of tens of seconds (approx. 50-100s) of continuous stimulation, suggesting that
they are capable of inducing membrane pore formation to a degree (Soto et al. 1996;
Virginio et al. 1999b), although this could also relate to complexing with P2X7R.
P2XA4R aids intracellular trafficking of vesicles, through roles in vesicle fusion with
the plasma membrane and lysosome fusion, acting by increasing Ca?* concentration
inside the cell to allow activation of Ca>" dependent processes (Cao et al. 2015). They
have been implicated in flow induced changes in vascular tone and remodelling
(Yamamoto ef al. 2005), as well as having a role in the brain, through mediating brain
derived neurotrophic factor (BDNF) release in microglia which encourages growth of
new neurons and sustains existing neurons (Ulmann et al. 2008). Pathologically, they

have been demonstrated to have a role in neuropathic pain (Ulmann et al. 2008).

P2X5 receptors (P2X5R) in humans exist only as a non-functional splice variant,
which lacks exon 10 (Lé et al. 1997). A human specific polymorphism appears to result
in expression of this non-functional receptor, absence of which in other species results
in functional receptor expression (Kotnis et al. 2010). In other species, P2X5R do
show some activity, although there is some diversity in the levels of response. For
example, in chick and bullfrog, a good response is measured in terms of CI
permeability (chick) and membrane potential changes (chick and bullfrog) (Jensik et
al. 2001; Ruppelt et al. 2001). However, in rodents and zebrafish, the response is
minimal despite good levels of protein expression (Garcia-Guzman et al. 1996; Diaz-
Hernandez et al. 2002). P2X5R knockout mice show normal early bone development
and homeostasis, but have a diminished osteoclast response to inflammatory
conditions in vivo, suggesting a role in this process (Kim ef al. 2017). In humans,
P2X5R can form a functional heterotrimer with P2X1R, which was isolated from
cortical astrocytes and is capable of producing currents in response to ATP (Lalo ef al.
2008). P2X1/5R however show significant differences to either of the homomeric
receptors; they are more sensitive to ATP, and in contrast to P2X5R they are not
affected by increased extracellular calcium concentrations (although this effect is also

seen in P2X1R). They are also less permeable to calcium than P2X1R, however the
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calcium permeability cannot be compared to that of P2X5R as this has not been
characterised, and they give larger currents than those seen with P2X5R alone (North
2002). This indicates that a heterotrimer of certain receptor monomers is capable of

modulating the response of both of the respective receptor monomers to ATP.

P2X6 receptors (P2X6R) are not capable of producing currents in response to ATP
application when expressed in HEK293 cells or oocytes, possibly due to insufficient
glycosylation in these cell systems (North 2002). P2X6R forms functional
heterotrimers, however these reflect the activity of the alternative receptor subunit in
the trimer; P2X2/6R show little difference in response to P2X2R and P2X4/6R show
little difference to P2X4R (Le et al. 1998; King et al. 2000). This suggests that the
presence of P2X6R in the heterotrimer does not prevent activity of the other receptor,
but this does also not imply that P2X6R itself gains any functionality. P2X6R
knockout mice have no apparent defects under physiological conditions, with no
change in the expression of other P2XRs, which could compensate for its absence (de
Baaij et al. 2016). These mice have not been tested under pathological conditions,

where defects may become apparent.

1.22 P2X7 Receptor

The P2X7 receptor (P2X7R) requires high concentrations of ATP for activation (in
excess of ImM) (McLarnon 2005). The end-point of receptor activation is cell death
by apoptosis if stimulation with agonist is persistent (~30 min) or at very high agonist
concentrations (=300uM BzATP, 3°-O-(4-benzoyl)benzoyl adenosine 5’-triphosphate)
(Wiley et al. 2011). BzATP is an ATP analogue that is a P2X7R selective agonist with
higher potency than ATP. As with the other members of this family, P2X7R activation
leads to the formation of a cation selective channel, however, prolonged activation
leads to the formation of a membrane pore, which allows passage of larger cationic
molecules, otherwise only consistently observed in P2X4R (Virginio et al. 1999a;
Virginio et al. 1999b). P2X7R also exhibits responses to BZATP that are unlikely to
be connected to channel formation; membrane blebbing and microvesicle release.
Membrane blebbing begins after ~30 seconds of continuous application of >30uM
BzATP (an ATP analogue that is around 10-fold more potent than ATP as an agonist of
the P2X7R) (North 2002). This process requires contractile forces generated by the
cytoskeleton, specifically of actin and myosin (Morelli et al. 2003). P2X7R can
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activate protein kinase C (PKC) and Rho-associated kinase, which may activate
ROCKI1, which mediates the cytoskeletal rearrangement (Morelli et al. 2003;
Noronha-Matos et al. 2014). Membrane blebbing has not been observed on activation
of other members of the P2X receptor family. Activation of the P2X7R also leads to
shedding of microvesicles (with a diameter of less than 1um) within seconds of

activation (Pizzirani et al. 2007; Adamczyk et al. 2015).

P2X7R transcription has been shown to be under regulation by specificity protein 1
(Spl) (Garcia-Huerta et al. 2012). This can be controlled through the PI3K/Akt
pathway activated by EGFR, and activation of this pathway upregulates P2X7R
expression (Gomez-Villafuertes et al. 2015). Inhibition of this pathway reduces
nuclear levels of Spl, suggesting that activation of this pathway is allowing Sp1 to
activate P2X7R expression (Gomez-Villafuertes et al. 2015). Abundant P2X7R
expression has been demonstrated in cells of the haematopoietic system, including
monocytes/macrophages, lymphocytes and microglia (Di Virgilio ez al. 2001). It has
also been shown in bone cells, such as osteoblasts and osteoclasts. In the central
nervous system, expression has been demonstrated on neurons, Schwann cells and
astrocytes (Coddou et al. 2011). In the gut, P2X7R expression has been demonstrated
in the intestinal epithelial cells as well as antigen presenting cells, indicating a role in
the immune response in the gut (Cesaro et al. 2010; Lees et al. 2010; Huang et al.
2016).

The expression of P2X7R in the CNS has been linked to physiological functions in
sleep and in memory formation, and pathological functions in hyperalgesia and in
depression (Dell'Antonio et al. 2002; Lucae ef al. 2006; Labrousse et al. 2009; Davis
et al. 2016). P2X7R is thought to be involved in neurological pain, whereby increased
P2X7R expression has been demonstrated in the spinal cord after nerve injury, and
administering a P2X7R inhibitory drug prevents the development of mechanical
allodynia (Kobayashi ef al. 2011). The induction of neuropathic pain by P2X7R may
involve its ability to mediate release of TNFa, iNOS, PGE2 and BDNF, all of which
have been associated with neuropathic pain (Tsuda et al. 2012). It has also been
demonstrated in rats that administering P2X7R-specific inhibitors reduces tactile
allodynia (Honore et al. 2006). P2X7R has also been shown to be upregulated in

patients with Alzheimer’s disease and Huntington’s disease, as well as a variety of
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other neurological diseases (Parvathenani et al. 2003; Chessell et al. 2005; Diaz-
Hernandez et al. 2009). It has been shown that a polymorphism in P2X7R (481C>T)
results in 4-fold decrease in the probability of developing Alzheimer’s disease (Sanz
et al. 2014). Analysis of the microglia and astrocytes surrounding the B-amyloid
plaques in the brains of mice show increased P2X7R expression (Parvathenani et al.
2003). It is possible that P2X7R is involved through a role in a-secretase activity,
which stimulates SAPPa release, leading to plaque formation (Diaz-Hernandez ef al.
2012). Polymorphisms in P2X7R have also been linked to major depressive disorder
and anxiety disorders, although these links have not been confirmed in other studies
(Lucae et al. 2006; Erhardt et al. 2007). The P2X7R has also been linked to some
cancers, in particular through a possible upregulation of VEGF expression, allowing

survival of the tumour (Fang ez al. 2013).

An increased response to ATP has also been measured in peripheral blood monocytes
from RA patients in comparison to a control group, indicated by an increase in IL-1f
secretion from these cells (Al-Shukaili et al. 2008). Specific receptor polymorphisms
linked to OA and RA in genetic studies. In RA, a gain-of-function polymorphism in
P2X7R (1068G<A) is two-fold more prevalent in RA patients than in controls. This
polymorphism may therefore increase the inflammatory response due to increased
receptor activity (Al-Shukaili ez al. 2011). The P2X7R has also been linked to pain in
OA, with patients expressing a hypoactive version of the P2X7R being less likely to
have clinically relevant pain (Fuller ez al. 2009). The loss-of function polymorphism
(R?’°H) is linked to a reduction in chronic pain sensitivity in OA patients (Sorge et al.
2012). ATP can be released as a consequence of cell death, damage or alternatively,
from plasma membrane stretching, via a process involving connexins (Bao et al.
2004). Therefore, the mechanical stress that can result from tissue damage, e.g. in OA,
could also induce ATP release from chondrocytes at a level sufficient to activate
P2X7R (Genetos et al. 2005). Chondrocytes have been shown to express both
connexins and P2 receptors, including P2X7R and can therefore respond to the
presence of ATP in the extracellular environment (Knight ez al. 2009) and can also
release ATP in response to mechanical stimulation (Millward-Sadler et al. 2004). It
has also been shown that in response to ATP, chondrocytes can secrete increased levels
of PGE2, which is itself released in response to IL-1, suggesting that activation of

P2X7R by ATP is responsible for enhanced release of inflammatory mediators, either
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directly or indirectly (Koolpe ef al. 1999). This suggests that it is possible that P2X7R
becomes over-activated in the OA joint, therefore, it is possible that stimulation of the
P2XR by ATP in chondrocytes could induce excessive secretion and extracellular
accumulation of TG2 in OA. This evidence implicates P2X7R activity in OA
pathology, and suggests its involvement could go beyond the known role in pain

sensation.

1.23 Domain Organisation of P2X7R

The P2X7R comprises five domains, an intracellular N-terminal domain, two
transmembrane domains, an extracellular domain and a long intracellular C-terminal
domain (Fig. 1.11) (Torres et al. 1998). Each of these has an important role in the
function of the receptor, for example the extracellular domain interacts with ATP to
allow receptor stimulation and there are several glycosylation sites essential for
receptor function (Torres et al. 1998). For example, N187 is an important
glycosylation site, mutation of which prevents correct receptor localisation to the
membrane of the cell, which provides a possible explanation of the decreased receptor

function seen in the N'37A mutant receptor (Lenertz et al. 2010).

‘ Out
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Fig. 1.11 — Transmembrane structure of the P2X7R. Transmembrane domains are
indicated as TM1 and TM2. Residues of TM1 and TM2 for human P2X7R are also indicated.

The P2X7R is unique amongst P2 receptors in having a very long intracellular C-
terminus, thought to be important for membrane pore formation by the receptor
(Costa-Junior et al. 2011), a channel permeable to larger cationic molecules. The C-
terminus is approximately 200 amino acids longer than the C-termini of the other

P2XRs (Costa-Junior et al. 2011). There is at present no structural information
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available for the C-terminus and there are no proteins with extended homologies to
this sequence in the protein database. However, there are several regions with
sequences correlating to known domains in other proteins. There is an SH3 (Src
homology 3) binding motif at residues 441-460, which can interact with Src tyrosine
kinase. This suggests that the C-terminus may be able to participate in ion channel-
independent signalling (Denlinger ef al. 2001). Src tyrosine kinase is thought to be
responsible for activating pannexin 1, which has been suggested to be the membrane
pore that associates with this receptor (see section 1.26), in response to P2X7R
activation. This is supported by the discovery that the P4'L mutation in mouse P2X7R,
which is in the SH3 binding domain prevents pore formation (Sorge ef al. 2012). The
P#IL substitution could therefore prevent pore formation by preventing the interaction
between the P2X7R and Src tyrosine kinase so Pannexin 1 cannot be activated
(Iglesias et al. 2008). There are also other regions of the C-terminus that are possibly
important for membrane pore formation, where mutations cause a loss of pore
functionality. However, as the C-terminus is also important for receptor expression at
the surface of the cell, some of these mutations clearly affect trafficking of the receptor
and this may result in the apparent decrease in pore formation (Costa-Junior et al.
2011). Finally, expressing a receptor that lacks the C-terminus causes an apparent loss
of larger dye molecule uptake but not cation transport, such as Ca’" or K',
demonstrating a lack of pore formation but no effect on other functions of the receptor
(Adinolfi et al. 2010). Further functions of the P2X7R attributed to the C-terminus
include the internalization and recycling of the receptor (see section 1.24). The
residues responsible for this are likely to be between positions 357-360, 508-510 and
540-543 in the C-terminus, because these residues are in a B-arrestin binding motif,
allowing phosphorylation and internalisation of the receptor, possibly mediated by
GRK3 (Costa-Junior et al. 2011). Receptor internalization occurs following ATP
activation, resulting in either degradation to an 18kDa form of the receptor or recycling

back to the cell membrane (Feng et al. 2005).

The second transmembrane domain has been demonstrated to be important for surface
expression in experiments that substituted the TM2 of the P2X7R with the TM2 of
P2X1R or P2X4R (Sun et al. 2013). Site directed mutagenesis as well as allelic
variations in the population have also shown that channel function of the receptor is

highly sensitive to sequence changes in the TM2 (Stokes et al. 2010; Sun et al. 2010).
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Combined with structural studies this suggests that positioning of TM2 relative to
TM1 in the membrane is critical for ion channel definition. Furthermore, by
substituting single residues in the TM2, a decreased dye uptake can be seen, as can a

decrease in membrane blebbing associated with P2X7R activation (Sun et al. 2013).

1.24 Turnover of the P2X7R

ATP stimulation can induce internalisation of the P2X7R (Feng et al. 2005). It has
been shown that the recycling process begins with phosphorylation of tyrosine,
threonine and serine residues, possibly in part by the kinase GRK3, which has been
shown to co-localise with the receptor (Feng et al. 2005). There is also an increased
binding of B-arrestin-2, which may target the receptor to dynamin and clathrin-coated
pits, allowing endocytosis of the receptor into clathrin-coated endosomes (Feng et al.
2005). From these endosomes, the receptor can either be exported to lysosomes or

recycled back to the membrane (Feng et al. 2005).
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1.25 Activation of P2X7R: Ion channel formation

P2X7R is activated by binding of ATP; as the functional receptor in the cell membrane
is a trimer, three ATP molecules can bind the extracellular region of the receptor trimer,
activating it (one ATP molecule per subunit) (Yan et al. 2010). Different states of
ligand occupancy have been suggested to be associated with different extents of pore
dilation (Jiang ef al. 2013). It has been proposed that the receptor trimers may cluster
at later stages of activation, for example when the pore is formed (Connon et al. 2003).
When low concentrations of ATP (less than 100uM) are applied for a short period, the
receptor becomes permeable to monovalent and divalent cations (Surprenant et al.
1996). ATP binding in these conditions leads to an influx of Ca?" and membrane
depolarization due to K leaving the cell and Na* entering the cell. This is driven by
the osmotic gradient across the cell membrane. Ca’* entering the cell can initiate

calcium signaling, having a variety of effects on cellular processes.

1.26 Activation of P2X7R: Membrane pore formation

Prolonged stimulation of the P2X7R (seconds to minutes of ATP application) or higher
concentrations of ATP can lead to the formation of a larger, non-selective, cation
permeable pore, which will allow passage molecules up to 900Da into the cell
(Virginio et al. 1999b). This includes dyes such as ethidium bromide and YO PRO-1.
This pore could be formed by the receptor itself (an extended pore) by dilation of the
channel or acquisition of additional subunits or by coupling to other channels
following receptor activation (Fig. 1.12) (Alberto et al. 2013). Experiments by
Virginio et al have suggested that as the pore dilates it passes through a series of
smaller size pores before reaching the final size permeable to NMDG (Virginio et al.
1999a). Alternatively, this pore could be formed through coupling of the receptor to
another protein in the membrane, for example pannexin hemichannels (Iglesias et al.
2008). Pannexins are capable of forming a channel through the plasma membrane to
the extracellular environment, which is permeable to ions of up to 900Da, consistent
with the observed capabilities of the “pore’ formed by the P2X7R (Alberto et al. 2013).
Suadicani et al. have demonstrated that the use of antagonists of gap junction channels
can inhibit the ‘P2X7R pore’ activity, suggesting a role for pannexins. Furthermore,
the use of pannexin 1 antagonists have been shown to decrease ‘pore’ formation by

the P2X7R in some cells (Suadicani et al 2006). However, experiments in
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macrophages have also demonstrated that the pannexin 1 knock-out has no effect on
dye uptake when the P2X7R is activated, suggesting that pannexin may not be the
single pore-forming component (Qu et al. 2011). Recent experiments by Browne et al
using a version of the P2X7R with the G3**C mutation have further supported a
channel dilation theory. Introduction of the cysteine at a position in the transmembrane
domain which forms part of the ion permeation pathway allows the channel to be
blocked using large cysteine-reactive molecules (Browne ez al. 2013). When modified,
the current induced by ATP was inhibited, and ethidium ion entry was reduced,
indicating that pore formation was also reduced (Browne et al. 2013). This suggests

that the dyes enter the cell through the P2X7R ion channel.

Image removed due to copyright

Fig. 1.12 — Representation of the potential models explaining the larger pore

formed by the P2X7R. A. demonstrates a widening of the ion channel of P2X7R itself to form an

intrinsic pore that is permeable to NMDG or YO PRO-1. B. represents the alternative hypothesis, where

the C-terminus of the P2X7R interacts with an extrinsic membrane channel (North 2002).

1.27 New insights from crystal structure of the P2X7R

In general, all available crystal structures have shown that there is a characteristic
architecture associated with P2XRs. All P2X receptors have intracellular N- and C-
termini, with two transmembrane domains and a large extracellular domain, rich in

glycosylation and disulphide bridges (Kawate et al. 2009; Hattori and Gouaux 2012;
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Karasawa and Kawate 2016; Mansoor et al. 2016). This was initially demonstrated by
crystallization of a modified P2X4 protein at resting state to 3.1A resolution, that was
generated using a construct lacking both N- and C- termini and containing three point
mutations (AzfP2X4-B; C51F, N78K, N187R) (Kawate et al. 2009). Since then, a
second P2X4 structure has been published, resolved to a higher resolution (in complex
with ATP to 2.8A, in the absence of ATP to 2.9A), based on a construct with N- and C-
terminal truncations, and containing 4 amino acid changes; AN27, AC24, N78K and
N187R (Hattori and Gouaux 2012). This structure revealed the ATP binding motif and
the open channel conformation. A structure for P2X3R has also been published, which
retains more of the N- and C- termini than the P2X4R structures. This may provide a
more accurate structure and relative positioning of the transmembrane domains as the
absence of N- and C- termini in the truncated P2X4R proteins may change the
positioning of the transmembrane domains (Mansoor et al. 2016). This construct also
contained 3 amino acid changes; T13P, S15V and V16l (hP2X3-MFC). P2X3
receptors have some properties which differ significantly to P2X2, P2X4, P2X5 and
P2X7 receptors, but which are in common with P2X1 receptors. These are that P2X1
and P2X3 show a rapid, nearly complete desensitization and a nanomolar affinity for
2’,3’-0-(2,4,6-Trinitrophenyl)adenosine-5’-triphosphate, =~ TNP-ATP, (an ATP
analogue which acts as a selective P2X1 and P2X3 antagonist) (Mansoor et al. 2016).
P2X2, P2X4, P2X5 and P2X7 have a 1000-fold decreased affinity for TNP-ATP and
show slow, incomplete desensitization (Mansoor ef al. 2016). This indicates that there
are likely to be some differences between P2X3 and P2X7, structurally, to account for
these functional differences. The P2X3 structure also demonstrated that a cytoplasmic
cap exists, which is made up of two B-strands from the N-terminus and one -strand
from the C-terminus, which sits beneath the cytoplasmic domain, capping the surface
of the pore (Mansoor et al. 2016) (Fig. 1.13). As the residues that would be required
to perform this function in other P2XRs were not present in crystallised proteins, it is
not known if an analogous cap exists in other P2XRs. Finally, a crystal structure of the
P2X7R has recently become available, using panda P2X7R, which has a high degree
of homology to human P2X7R (Karasawa and Kawate 2016). The construct used for
crystallization lacks the majority of the N- and C- termini (truncation at position 360),

as well as having 5 additional mutations; N?#'S, N?%S, V3SA, R'25A and E'"*K
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(Karasawa and Kawate 2016). Due to the lack of C-terminal portion of the receptor in

this structure, the conformation of this is still unknown.

Image removed due to copyright

Fig. 1.13 - Cartoon representation of hP2X3 structure. hP2X3R is shown in open state,
with the position of the cytoplasmic cap indicated. Structure shown a) in side view, b) from above (the

extracellular side) and c) the ion permeation pathway (Mansoor et al. 2016).

The structure of P2X receptors has been likened to the shape of a dolphin, where the
transmembrane helices and the extracellular domain make up flukes and body of the
dolphin, and the head, both flippers and dorsal fin are also present (Fig. 1.14) (Kawate
et al. 2009). This structure has been confirmed to be consistent across all published
P2X receptor structures (Hattori and Gouaux 2012; Karasawa and Kawate 2016;
Mansoor et al. 2016).
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Image removed due to copyright

Fig. 1.14 — Structure of P2X7R subunits. The P2X7R structure has been likened to the shape

of a dolphin. In green, the transmembrane domains make up the fluke of the dolphin, the extracellular
domain makes up the body and head and has structures similar to the left and right flippers and the

dorsal fin. Figure adapted from (Kawate et al. 2009).

The first published P2X4R structure revealed that in the closed conformation, the large
extracellular domain adopts a chalice shape, with 6 alpha helices (two from each
subunit) making up the transmembrane domain (Kawate et al. 2009). These alpha
helices are angled through the membrane, crossing each other to constrict the
transmembrane pore. The open state structure predicts that activation of the receptor
results in an iris-like movement of the transmembrane domains, which results in them
moving away from the central axis by 3A, widening the pore (Fig. 1.15) (Hattori and

Gouaux 2012). This opens lateral fenestrations of the extracellular domain, allowing
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ions to enter (Fig. 1.16) (Hattori and Gouaux 2012). The acidity of the central vestibule
means that cations are attracted and anions are repelled, leading to an accumulation of
cations at the entrance to the ion channel (Hattori and Gouaux 2012). In the pdP2X7R
structure, this conformation is proposed to reflect the open, undilated state of the
receptor (ion channel formation, but no membrane pore present) (Karasawa and

Kawate 2016).
Image removed due to coypright

Fig. 1.15 - Transmembrane helices move in an iris-like manner. a and b) The

transmembrane regions of the closed (grey) and open states of P2X4R are superimposed, with black
arrows and bars indicating the rotation of the transmembrane helices. A) indicates that TM1 rotates by
~10° and TM2 by ~55° anticlockwise about the pore centre and perpendicular to the membrane. B)
demonstrates the orientation of the transmembrane helices, whereby TM2 is shown to tilt by ~8° parallel

to the membrane (Hattori and Gouaux 2012).

Image removed due to copyright

Fig. 1.16 - Section of an electrostatic potential surface of P2X4R demonstrating

the position of the lateral fenestrations. Red indicates a negative electrostatic potential (-
10kT) and blue indicates a positive electrostatic potential (+10kT, dielectric constant: 80)

demonstrating the position of the lateral fenestrations, which allow ions to enter and exit the receptor

(Hattori and Gouaux 2012).
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The published P2X7R structure reveals some differences to the P2X4R structures,
although the general architecture is the same (Karasawa and Kawate 2016). One of the
major differences is that a cavity in between subunits is larger in P2X7R (Fig. 1.17),
and is a site of drug binding (Karasawa and Kawate 2016). This cavity narrows on
ATP binding, indicating that P2X7R-specific drugs prevent receptor activation
through preventing this conformational change. This also indicates why these drugs
show some degree of specificity for P2X7R, as they would be too large to fit in the
cleft of other P2X receptors, specifically P2X4R. Hence, this provides a potential
target for specific drug design (Karasawa and Kawate 2016). The narrowing of this
cavity also allows the lower body to widen further, opening the P2X7R channel
(Karasawa and Kawate 2016). Other P2X receptors have a narrower cleft to begin
with, possibly explaining some of the functional differences seen with P2X7R,
possibly accounting for how P2X7R membrane pore formation occurs, but the absence
of an ATP bound open structure prevents any conclusions being drawn regarding this

(Karasawa and Kawate 2016).

c
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Fig. 1.17- Difference in the shape of the cavity of P2X7R and P2X4R. A) P2X7R
receptor (no ligand bound) shown from the side, one subunit of the trimer is coloured yellow, one grey
and the other pink. The cavity zoomed in in B (P2X7R) and D (P2X4R) narrows during receptor
activation, and is a site of P2X7R specific drug binding. Structures demonstrate that this cavity is
narrower in P2X4R than P2X7R, indicating that the drug is unable to access the site in P2X4R. Green
residues in B are the drug binding resides (drug shown in C is A804958, magnified in scale with the
zoomed structures) and green residues in D are the equivalent residues in P2X4R (Karasawa and

Kawate 2016).

1.28 Aims of the Thesis

. Our group have demonstrated a regulated mechanism for TG2 secretion from cells,

involving P2X7R activation by ATP. The pathway for externalisation of TG2 is critical
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for regulating its transamidation activity and hence controls the formation of
modifications in extracellular proteins and peptides, which could act as biomarkers for
diseases such as OA. Therefore, this thesis aims to further our understanding of how

TQG2 secretion is regulated and the mechanistic steps involved.
The following questions are investigated in this thesis:

1. Is ‘membrane pore’ formation induced upon P2X7R activation required for
TG2 secretion, and if so, what is the identity of the respective membrane
pore?

2. What activities or conformational states of TG2 are required for its secretion
and is the TG2 activating oxidoreductase thioredoxin mechanistically tied in
to the secretion?

3. Is this pathway of physiological relevance, i.e. do cells of the immune system
release TG2 through this pathway?

4. How do polymorphisms in the human P2X7R affect TG2 secretion?
Addressing these questions will allow us to elucidate a new pathway for secretion of
TG2 and potentially other unconventionally secreted proteins involving thioredoxin.
The translation of these findings from a HEK293 cell model to primary human
macrophages will allow us to demonstrate that this is a physiologically relevant
pathway for protein secretion and importantly, the innate immune response.
Investigating the impact of polymorphisms in P2X7R on this novel secretory pathway

may have wider implications in regards to susceptibility to disease, including OA.
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2. Methods

General Methods
2.1 Cell Culture

2.1.1 Maintenance of HEK293 Cells

Human embryonic kidney cells with a Flp-In site for DNA integration (HEK293 Flp-
In, Invitrogen, Thermo Fisher, Leicestershire, UK) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, Thermo Fisher) supplemented with 10%
heat inactivated foetal bovine serum (hiFBS, Gibco), 2mM L-glutamine (Invitrogen,
Thermo Fisher) 100pg/ml penicillin, 100U/ml streptomycin (pen/strep, Invitrogen)
and 100pg/ml Zeocin (Gibco). HEK293 cells expressing either the wild-type P2X7R
(obtained from Dr Magdalena Adamczyk), P2X7R with the A3*T mutation (HEK293
A3BT) or PYIL mutation (HEK293 P#!L) or the truncated version of P2X7R (P2X7R
variant B) or the V5-tagged P2X7R were maintained in DMEM supplemented as
above, as well as with 100pug/ml hygromycin B (Invitrogen). Approximately every 5
days, confluent cells (at approximately 90% confluency) were passaged 1:10. Media
was removed, cells washed in 5ml PBS (Oxoid, Cheshire, UK) and trypsinised
(addition of 1.5ml 1% trypsin and 0.48mM EDTA, Gibco) at 37°C for several minutes
until they were easily removed from the surface of the flask by gentle tapping. Sml of
DMEM supplemented with 10% hiFBS was added to block the trypsin and the cells
were collected by centrifugation at 350x g for 5 minutes. Supernatant was removed
and the cell pellet re-suspended in 10ml DMEM containing 10% hiFBS. 1ml of the
cell suspension was added to 13ml of DMEM supplemented as above and seeded in a

T75 flask (Sarstedt, Leicestershire, UK).

2.1.2 Extraction of human PBMCs

Human blood was taken from healthy volunteers with informed consent under Ethics
Approval DS REC 15/37a (Cardiff University Dental School Research Ethical
Committee) and Wales REC3 10/MRE09/28: AR UK BBC Multi-project ethical
submission (for experiments involving DNA sequencing of P2X7R from white blood
cells). All experiments were performed in accordance with relevant guidelines and
regulations. There were no exclusion criteria, although individuals with a history of

inflammatory joint disease, gluten sensitivity, or taking anti-inflammatory medication
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were requested to decline to take part in the study. Up to 35ml peripheral blood was
taken, after consent was taken. Peripheral blood was drawn into a vacutainer
containing 10U/ml heparin (Vacuette, Greiner Bio One, Stonehouse, UK), with final
volumes between 12ml and 40ml. Blood was diluted to at least 1:1 ratio of Blood:PBS
and 35ml of this mix was layered over 15ml sterile Ficoll Paque premium (Thermo
Fisher) and centrifuged at 18-20°C for 30 min at 400x g (no brake). Plasma was
removed to lecm from the white cell interface and the white cell interface was taken
into a fresh 50ml tube. PBS was added to at least double the volume of white cell
interface and centrifuged at 18-20°C for 10 min at 380x g (medium brake applied).
The supernatant was removed from the white cell pellet and the pellet re-suspended in
50ml PBS. The cells were centrifuged at 18-20°C for 10 min at 200x g (medium brake
applied). Supernatant was removed and cells re-suspended in 1ml RPMI 1640 (RPMI,
Lonza, Tewkesbury, UK) containing 10% FBS, 2mM l-glutamine, 100U/ml penicillin
and 100pug/ml streptomycin. 50ul of the cells were added to 4501 2% acetic acid to
lyse any remaining erythrocytes and 10ul of this was used for counting as described
in section 2.1.4. Cells were seeded in RPMI containing 10% FBS, 2mM I-glutamine,
100U/ml penicillin and 100pg/ml streptomycin and 20ng/ml rhGM-CSF (recombinant
human granulocyte macrophage colony-stimulating factor, Immunotools, Germany)

to direct monocytes to differentiate into M1 macrophages.

2.1.3 M1 macrophage culture

Cells extracted as described in Section 2.1.2 were incubated at 37°C with 5% CO: for
7 to 10 days with a media change every third day. On day 7 or day 10, macrophages
were trypsinised, as described previously (Section 2.1.1), at 37°C for several minutes
until the cells become more rounded. The cells then required gentle scraping to remove
them from the surface of the flask. 5ml RPMI containing 10% FBS was added to
inactivate the trypsin and cells were centrifuged at 350x g for 5 minutes. The
supernatant was removed and the cells re-suspended in 2ml RPMI containing 10%
FBS, 2mM I-glutamine, 100U/ml penicillin and 100pg/ml streptomycin and 20ng/ml
thGM-CSF. Cells were then counted as described in section 2.1.4 and used in

experiments as outlined in section 2.1.11.
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2.1.4 Counting cells

When required, cells suspended in medium after trypsinisation were counted using a
Neubauer Haemocytometer (Thermo Fisher). 10pul of cell suspension was mixed with
10ul Trypan Blue (0.4%, T8154, Sigma). 10ul of this mixture was loaded into the
haemocytometer by capillary force and unstained (therefore viable) cells were counted
according to the manufacturers’ protocol and the number of cells per ml calculated as

follows:

total number of cells counted Xdilution factor

x10000
number of squares counted

= number of cells /ml

2.1.5 Total cell protein extraction

Cells were lysed with cell extraction buffer (20mM HEPES/NaOH pH7.4, 150mM
NaCl, ImM EGTA, 1% Triton-X-100 and 0.25% deoxycholic acid containing 1mM
phenylmethylsulfonyl fluoride (PMSF), ImM N-ethylmaleimide (NEM) and 10%
glycerol), and lysate was centrifuged at 15 000x g for 15 minutes at 4°C and

supernatant stored frozen for analysis.

2.1.6 Determination of protein concentration

The BCA protein assay kit (Pierce, Thermo Fisher) was used to determine the protein
concentration of cell lysates. This assay uses the principle of reduction of Cu?* to Cu'*
which can then react with bicinchoninic acid (BCA) to give a purple product in the
presence of protein. Samples were diluted 1:5 in TBS and 25l of this was mixed with
200ul of working reagent (reagent A and reagent B in a ratio of 50:1) and incubated
for 30 minutes at 37°C, followed by a 10 minute incubation to equilibrate the plate to
room temperature and absorbance was read at 562nm. The samples were compared to
known concentrations of bovine serum albumin (BSA) standards. Concentrations of

samples were derived using linear regression to fit the values for the standards.

2.1.7 SDS PAGE
SDS PAGE separation of proteins was performed to assess purity of purified TG2 and
to enable transfer of proteins onto a nitrocellulose membrane for Western blotting.

Equal volumes of cell lysate and 2x sample buffer (25mM Tris/HCI pH6.8, 3.9mM
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EDTA, 4% SDS, 30% glycerol, 0.3% bromophenol blue) containing 2% (-
mercaptoethanol (Sigma, Suffolk, UK) were mixed and boiled for 3 minutes at 98°C.
Lyophilised conditioned media was re-suspended in 50ul of the following solution:
1000pul 8M urea, 980u1 2X sample buffer and 20ul B-mercaptoethanol (1%). 10pg of
the protein or 10pl of re-suspended conditioned media were loaded into Novex 4-20%
Tris-Glycine polyacrylamide gels (Invitrogen) or 16% Tricine gels (for thioredoxin
probing, Invitrogen) alongside 30pug low molecular weight marker (GE, Hertfordshire,
UK). The gel was run for 2 hours at 125V (constant voltage) in SDS PAGE running
buffer (25mM Tris/HCI, pHS8.8, 192mM glycine, 0.1% SDS). For analysis of protein
purity, the gel was then stained using Coomassie brilliant blue R. Where required, the
gel was then used to transfer proteins onto a nitrocellulose membrane (Amersham

protran NC, Thermo Fisher) to allow probing with antibodies for the desired protein.

2.1.8 Western Blotting

Sponges, blotting paper and nitrocellulose membrane were soaked in ice-cold transfer
buffer (25mM Tris, 192mM glycine, 20% methanol) and a blotting sandwich
assembled. Proteins were transferred onto the nitrocellulose membrane for 2 hours at
125mA constant current in transfer buffer. Nitrocellulose membrane was briefly
stained with Ponceau S solution (0.1% Ponceau S, 5% acetic acid in H20) to visualize
transfer efficiency and mark the protein marker positions and was then washed with
TBS (20mM Tris/HCI, pH7.4, 150mM NaCl) to remove the stain. Membrane was
blocked in 5% non-fat milk powder (Sigma, unless indicated otherwise in Table 2.1)
in TBS for 1 hour, to prevent non-specific binding of antibody to the membrane.
Primary antibodies were diluted in 5% non-fat milk powder in TBS (unless indicated
otherwise in table 2.1) and incubated with the membrane as listed in table 2.1.
Membrane was washed 3 times for 5 minutes in TBS-T (TBS containing 0.05%
Tween-20). Secondary antibody was diluted and incubated as listed in table 2.2 in 5%
milk in TBS-T (unless indicated otherwise in table 2.2). Then membrane was washed
3 times for 5 minutes with TBS-T and once for 5 minutes with TBS. ECL prime (GE)
was diluted in a 1:1 ratio of solution A: solution B and spread over the membrane for
2 minutes. Excess was removed and membrane exposed to Amersham Hyperfilm (GE)

for the required amount of time (ranging from several seconds to 30 minutes).
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Table 2.1 Details of primary antibodies used in Western blotting and

immunostaining.

* Antibody diluted in 3% Casein in TBS, appropriate secondary antibody diluted in 3% Casein in TBS-

T. Blocking also performed in 3% Casein in TBS.

Name Species Final Final Catalogue
Clone Concentration | Concentration number
(WB) (immunostaining) | manufacturer
Anti TG2 Mouse 200ng/ml 2pg/ml MS-224-P1
CUB7402 Monoclonal 1.5h, RT 1h, RT Thermo
scientific

Anti TG2 Mouse 200ng/ml - A034

B-sheet Monoclonal | 2h, RT Zedira

Anti TG2 Mouse 200ng/ml - A037

B-barrel Monoclonal | 2h, RT Zedira

Anti P2X7R Rabbit Ipg/ml 2pg/ml Sc-25698
Polyclonal ON, 4°C ON, 4°C Santa Cruz

Anti  P2X7R | Rabbit 1.6pg/ml 4ng/ml APR-008

extracellular | Polyclonal ON, 4°C ON, 4°C Alomone labs

domain

Anti B-Tubulin | Mouse 2.6pg/ml 1.3pg/ml T4026

TUB2.1 Monoclonal | 1h, RT 1h, RT Sigma

(primary)

Anti [kBa Rabbit Ipg/ml - Sc-371
Polyclonal 2h, RT Santa Cruz

Anti Rabbit Ipg/ml - FL-105

thioredoxin* Polyclonal 2h, RT Santa Cruz

Anti Caspase- | Rabbit 0.04pg/ml - 9662

3 Polyclonal ON, 4°C Cell Signalling

Technology
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Table 2.2 Secondary antibodies used in Western blotting and immunostaining

Name Species Final Conc. | Final Conc. Catalogue

(WB) (immunostaining) | number
manufacturer

HRP Rabbit 2pg/ml - P0260

conjugated anti 1 hour, RT Dako

mouse

HRP Swine 2pg/ml - P0399

conjugated anti 1 hour, RT Dako

rabbit

Alexa Fluor Goat - 10pg/ml A11001

488 conjugated 1 hour, RT Invitrogen

anti mouse

Alexa Fluor Donkey - 10pg/ml A21206

488 conjugated 1 hour, RT Invitrogen

anti rabbit

Alexa Fluor Goat - 10pg/ml A11037

594 conjugated 1 hour, RT Invitrogen

anti rabbit

2.1.9 TG2 secretion from HEK293 cells

To investigate the release of TG2 by cells expressing different variants of the P2X7R
or assess the release of TG2 GTP binding mutants, P2X7R expressing HEK293 cells
were transfected with the pcDNA3.1 vector encoding TG2 (plasmid obtained from
Professor Daniel Aeschlimann) and stimulated using BzATP (Adamczyk 2013).
HEK293 cells expressing P2X7R stop, P2X7R AT, P2X7R P#'L or P2X7R variant
B were seeded at 1.2x10° cells/well in a 24 well plate (Sarstedt) in 0.5ml DMEM
containing 10% hiFBS without antibiotics. 24 hours later, cells were transiently
transfected with pcDNA 3.1 WT TG2 or TG2 GTP binding mutants also in pcDNA
3.1 using Fugene-6 transfection reagent (Promega) according to the manufacturers’
instructions. A 1.5ul Fugene-6:0.5ug DNA ratio was used. Appropriate amounts of
Fugene-6 and antibiotic-free medium were mixed, then TG2 plasmid was added and
the mixture incubated at room temperature for 30 minutes for DNA-lipid complexes
to form. Medium was changed to fresh DMEM containing 10% hiFBS without
antibiotics. 100ul of the Fugene-6/DMEM/DNA mix was added drop-wise to each
well. 48 hours post-transfection, HEK293 P2X7R expressing HEK cells were used for
stimulation. OptiMEM was left in the incubator overnight to be pre-warmed and pre-

gassed with CO». BzZATP was used for stimulation at a final concentration of 0.1mM,
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diluted in OptiMEM. Cells were washed for 5 minutes at 37°C, 5% CO; with pre-
warmed OptiMEM (200ul/well), and where required the cells were pre-treatment was
applied to cells, as indicated in Table 2.3, then 0.1mM BzATP or OptiMEM only was
added and incubated for 10 minutes at 37°C, 5% CO,. Media was collected and
centrifuged at 1 500x g for 10 minutes and the supernatant was kept for analysis. Cells
were washed with pre-warmed OptiMEM, then fresh pre-warmed OptiMEM was
added for a 30 minute chase period at 37°C, 5% CO,. Media was collected and
centrifuged at 1 500x g for 10 minutes as before and supernatant was kept for analysis.
Remaining cells were lysed with cell extraction buffer (20mM HEPES/NaOH pH?7.4,
150mM NaCl, ImM EGTA, 1% triton-X-100 and 0.25% deoxycholic acid containing
ImM PMSF, ImM NEM and 10% glycerol), and lysate was centrifuged at 15 000x g
for 15 minutes at 4°C and supernatant stored frozen for analysis. Media was
lyophilised and reconstituted at 10-fold higher concentration, to allow loading of the
equivalent of 150ul of sample into the SDS PAGE gel (section 2.1.7). 10pg of total
cell protein, as determined by BCA assay (section 2.1.6) was loaded for cell lysate
samples. A Western blot was then performed, probed using an anti TG2 antibody (as

described in section 2.1.8).
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Table 2.3 Treatments applied to cells

Compound Target Concentration | Stage applied
A740003 P2X7R S5uM Present at all times
(Tocris, Bristol, UK) 10 minute preincubation
Calmidazolium chloride | P2X7R 1uM Present at all times
(Merck, NJ, USA) ion channel 10 minute preincubation
"Panx (Tocris) Pannexin-1 100uM Present at all times
30 minute preincubation
Trovafloxacin (Sigma) Pannexin-1 100uM Present at all times
30 minute preincubation
2.5mM Ca** P2X7R 2.5Mm CaCl, Present at all times
10 minute preincubation
Ac-YVAD-cmk (Sigma) | Caspase-1 100uM Present at all times
different preincubation times
EDTA TG2 SmM Present at all times
10 minute preincubation
Pitstop 2 (Abcam, Endocytosis 20uM Present at all times
Cambridge, UK) 10 minute preincubation
E64 (sigma) Cysteine 100uM Present at all times
proteases 10 minute preincubation
Aprotinin (Sigma) Serine 10pg/ml Present at all times
proteases 10 minute preincubation
Apyrase (Sigma) degrades ATP 15 minute preincubation
DNCB (Sigma) Thioredoxin 10uM Present at all times
30uM 30 minute preincubation
PX-12 (Sigma) Thioredoxin 50uM Present at all times
30 minute preincubation

2.1.10 TG2 secretion from M1 macrophages

M1 macrophages derived from human peripheral blood mononuclear cells (PBMCs)
were seeded at a density of 1x10° cells/well in 0.5ml RPMI containing 10% FBS, 2mM
l-glutamine, 100U/ml penicillin and 100pg/ml streptomycin and 20ng/ml thGM-CSF
in a 24-well plate. 4 wells were required per condition. Cells were allowed to adhere
to the plate for 24 hours prior to the experiment. Media was removed and cells were
washed in 0.2ml OptiMEM for 5 minutes. Where pre-incubation with inhibitors was
required, this was performed in OptiMEM and is described in table 2.3. BZATP was
used for stimulation at a final concentration of 0.1mM, diluted in OptiMEM. Cells
were washed for 5 minutes at 37°C, 5% CO; with pre-warmed OptiMEM
(200pl/well), then 0.1mM BzATP or OptiMEM only was added and incubated for 10
minutes at 37°C, 5% CO». Media was collected and centrifuged at 1 500x g for 10

minutes and the supernatant was kept for analysis. Cells were washed with pre-
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warmed OptiMEM, then fresh pre-warmed OptiMEM was added for a 30 minute chase
period. Media was collected and centrifuged at 1 500x g for 10 minutes and
supernatant was kept for analysis. Remaining cells were lysed with cell extraction
buffer (20mM HEPES/NaOH pH7.4, 150mM NaCl, ImM EGTA, 1% triton-X-100
and 0.25% deoxycholic acid containing 1mM PMSF, ImM NEM and 10% glycerol),
and lysate was centrifuged at 15 000x g for 15 minutes at 4°C and supernatant stored
frozen for analysis or prior to cell lysis, cell surface protein was extracted as described
in section 2.12. Media samples were concentrated by ethanol precipitation by addition
of 3x volume of'ice cold ethanol absolute and stored at -20°C overnight. Samples were
then centrifuged at 15 000x g for 10 minutes at 4°C and the pellet re-suspended in
sample buffer (as described in section 2.1.10). This allowed loading of the equivalent
of 400ul media sample into an SDS PAGE gel (section 2.1.7). Cell lysate
concentration was determined by BCA assay (section 2.1.6) and 10p.g total cell protein
loaded. A Western blot was then performed and probed using an anti-TG2 antibody
(section 2.1.8).
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Methods in Chapter 3
2.2 Generating P2X7R variant expressing HEK293 Cells

2.2.1 Cloning P2X7R Variants

The wild-type P2X7R DNA in a version of the pcDNAS/FRT vector modified to
include the multiple cloning site from pcDNA4/V5-His was provided by Dr
Magdalena Adamczyk (Adamczyk 2013). Primers for introducing a point mutation
giving a hyperactive P2X7R; A3*¥T P2X7R (Stokes et al. 2010), or an inactive
receptor; P¥!'L P2X7R (Sorge et al. 2012) or a truncated form of P2X7R (Variant B)
which lacks the final 249 amino acids of the C terminus of the receptor (Adinolfi et
al. 2010), were designed as is shown in table 2.4 and ordered from Eurofins MWG.
PCR reaction mixes contained 10ul 5x Phusion buffer (Finnzymes, Thermo Fisher,
final concentration of 1.5mM MgCly), 0.3pg template DNA, 2uM each of forward and
reverse primers as listed in table 2.4, 2 units Phusion polymerase (Finnzymes), 0.8mM
dNTPs and MilliQ H2O up to a final volume of 50ul. PCR cycles are shown in table
2.5.

Table 2.4 Primer sequences for mutagenesis. Underlined region of the forward primer for

variant B will introduce a Kpnl restriction site. Underlined region of the variant B reverse primer will

introduce an Xhol restriction site. Nucleotides differing from the wild-type sequence are given in red.

P2X7R Forward Primer Reverse Primer
Variant

AT 5’-GTCTGGCCACTGTGTTCATCG-3’ 5" GAACACAGTGGCCAGACCGAAG 3’

PHIL 5’-GACACACCCCTGATTCCTGGAC-3’ | 5’-CAGGAATCAGGGGTGTGTCATGG-3’

VariantB | 5°- 5-

AATCTCTTACCGAAGTAGGAG-3’

TTAGGTACCTTCACCATGCCGGCCT | TTCTCGAGTTAGTCACTTCCTTCTCCAA
GCTGC-3’ ACCATTTTCCTAAAGCATGGAAAAGAG
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Table 2.5 PCR cycles for P2X7R constructs *Extension time reduced to 3 minutes for variant

B.
Stage Temperature (°C) Time Repeats
94 2 minutes
Denaturing 94 1 minute
Annealing 55,57, 60.2 or 62 45 seconds X 16
Extension 72 7 minutes*
72 10 minutes

Successful amplification of the desired products was determined using agarose (1%)
gel electrophoresis both before and after Dpnl digestion. Dpnl digest was performed
after purification of PCR products using a QIAgen gel extraction kit (QIAgen,
Manchester, UK), following the manufacturers’ protocol and elution in 50pul MilliQ
H>O. The original template was removed from the PCR product by addition of 6pl
Promega buffer B (6mM Tris/HCI pH7.5, 6mM MgCl,, 50mM NaCl,, ImM DTT), 10
units Dpnl (Promega, Southampton, UK) and 3pl H2O followed by incubation at 37°C
overnight. Where amplification had occurred (indicated by a band of the correct size
on a 1% agarose gel that is resistant to Dpnl digest), the product was purified again as
above. Giga competent cells (E. coli DH5a, Invitrogen) were transformed with the
purified DNA by heat shock at 42°C for 45 seconds, placed on ice for 2 minutes, then
SOC media (Invitrogen) was added and cells incubated at 37°C for 1 hour prior to
spreading on LB agar plates containing 100pg/ml ampicillin (Sigma) to select for
bacteria that have taken up the plasmid. Bacteria were grown on plates overnight at
37°C, then single colonies were picked and transferred into 3ml LB media containing
100pg/ml ampicillin. Bacteria were collected by centrifugation at 6 800x g for 3
minutes and plasmid DNA purified using the QIAquick miniprep kit (QIAgen)
according to the manufacturers’ instructions. The plasmid DNA was sequenced to
confirm desired substitutions have been made using primers P2X7R forward 3, P2X7R
reverse 3, PCR3.1-BGH reverse and T7 sequencing primer (Table 2.6) and the service
facility of Cardiff University.
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Table 2.6 Sequencing primer sequences

Name Sequence

P2X7R forward 3 5’-GTGCTCATCAAGAACAATATCGAC-3’
P2X7R reverse 3 5’-CTCCCTAGTAGCTGCTGGTTCA-3’
PCR3.1-BGH reverse 5'-TAGAAGGCACAGTCGAGG-3'

T7 5'-TAATACGACTCACTATAGGG-3’

The variant B fragment was transferred into the pcDNAS/FRT vector. Initially, the
fragment was sequenced using P2X7R forward 3 primer as shown in Table 2.6 to
confirm the sequence was as expected. Both the fragment and the vector were cut with
restriction enzymes Acc651 and Xhol (Promega), using 30ul purified DNA, 5ul
Promega buffer D, 1l each enzyme and made up to a final volume of 50pul in MilliQ
H>0O and incubated at 37°C, overnight. A 1% agarose gel was run to confirm the
presence of the correct bands, and these were purified using the QIAgen gel extraction
kit, according to the manufacturers’ protocol. The vector was CIPed following
digestion, using alkaline phosphatase (Promega), incubated for 1 hour at 37°C. A
ligation was set up, using a 3:1 ratio of insert:vector in a final volume of 20ul,
containing 1pul T4 DNA ligase (Promega) and 2ul 10x ligase buffer and incubated at
14.5°C overnight. Ligations were transformed into Dh5a as described previously, and
colonies picked and grown to allow miniprep cultures to be generated, as described
above. The miniprep DNA from 8 clones was digested using Acc651 and Xhol as
described above and a 1% agarose gel run to enable selection of clones containing the
correct size insert for sequencing. Clones were sequenced at the Cardiff university
service facility using primers as shown in Table 2.6, sequencing alignment for the

successful generation of P2X7R variants are shown in the appendix (supplement S1).

2.2.2 Generating Stable P2X7R expressing HEK293 cell lines

Plasmids containing the P2X7R with either the A3*T or P4!'L mutation or Variant B
were transfected into HEK293 Flp-In cells to allow stable expression of the receptor.
A 6-well plate (Sarstedt) was coated with 100pg/ml poly-L-lysine for 5 minutes at
37°C, washed with PBS and allowed to air dry. 7.6x105 cells were seeded per well and
were allowed to grow for 24 hours. The medium was then replaced with DMEM

containing 10% hiFBS and no antibiotics. For each well 0.2ug of the desired plasmid
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plus 6pul Fugene-6 and 1.8pug of the pOG44 Cre recombinase expression vector were
incubated for 30 minutes at room temperature to form DNA-lipid complexes and was
then added to the cells. Control cells were transfected with pOG44 plasmid only. After
48 hours, media was replaced every day for approximately 2 weeks with fresh DMEM
containing 10% hiFBS and 100pg/ml hygromycin B to select for transfectants (until
colonies began to form and most of the pOG44 only transfected cells had died). Cells
were grown to confluency in the presence of hygromycin B, initially in a 24-well plate
and the trypsinisation and re-seeding procedure repeated in progressively larger
plates/flasks until there were enough cells to be grown in a T75 flask. Cells were then
maintained as described in section 2.1, and frozen stocks of resulting cell strains
prepared (At high cell density, in DMEM containing 50% hiFBS and 15% DMSO,

stored in liquid nitrogen).

2.2.3 qPCR analysis of P2X7R variant RNA expression

RNA was extracted from two confluent wells of a 24-well plate per cell line, using the
Direct-Zol RNA miniprep kit (Zymo Research, Germany). Briefly, cells were lysed in
200yl trizol (Invitrogen) and an equal volume of ethanol was added. This mixture was
transferred to a Zymo-Spin IIC column and centrifuged at 13 000x g for 30 seconds
and flow through discarded. 400ul Direct-zol RNA prewash buffer was added to the
column and centrifuged at 13 000x g for 30 seconds. This step was repeated once.
700ul RNA wash buffer was added to the column and centrifuged at 13 000x g for 2
minutes. The RNA was eluted by adding 50ul nuclease free H2O to the column and
the column was centrifuged at 13 000x g for 1 minute. RNA was stored at -80°C.

To synthesise cDNA from RNA extracted from HEK293 cells expressing P2X7R
variants, cDNA was synthesised using a reverse transcription PCR 2-step protocol. 1ul
oligo dT (5pg/ml, Promega), 1ul dNTPs (10mM each), 4ug mRNA and nuclease-free
H>O up to 20.5ul were mixed, and PCR performed as shown in table 2.7.
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Table 2.7 RT PCR protocol for cDNA synthesis

65°C 5 min

4°C 2 min

Pause Add 4pl 5X first strand buffer
2ul 0.1M DTT

Mix and centrifuge briefly

42°C 2 min

Pause Add Superscript II RT 0.5ul

Mix

42°C 50 min

95°C 2 min

4°C 2 min

42°C 2 min

Pause Add Superscript II RT 0.5ul

42°C 50 min

70°C 15 min

gPCR was performed using SYBR green PCR core reagents (Applied Biosystems,
Thermo Fisher), as follows; 2ul 10x SYBR green PCR reaction buffer, 1.2ul 25mM
MgCly, 1ul ANTPs, 0.25u] AmpliTag DNA polymerase, made up to 20ul in nuclease
free H,O. PCR cycles performed as in table 2.8 using Applied Biosystems
QuantStudio 6 Flex.

Table 2.8 qPCR reaction cycles

Polymerase activation | 95°C 10 min
Denature 95°C 15 sec 40 cycles
Anneal/Extend 60°C 1 min

2.2.4 Transient P2X7R transfections
Due to issues with P2X7R variant B stable expression, transient expression of the

P2X7R was tested. P2X7R was transfected to determine whether transient expression
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would be possible for TG2 release assays. A 12-well plate was coated with 100pg/ml
poly-l-lysine for 5 minutes at 37°C, then washed with PBS and left to air dry in the
sterile hood. HEK293 Flp In cells were seeded at a density of 1.2x10° cells/well in
3ml DMEM supplemented with 10% FBS and 100U/ml penicillin and 100pg/ml
streptomycin. 24 hours later, cells were transfected with P2X7R (wild type or variant
B). P2X7R plasmid (wild type P2X7R or variant B) and fugene-6 were mixed with
DMEM in a 1.5pl:1nug ratio of Fugene-6:DNA. 48 hours later, cells were lysed with
cell extraction buffer (20mM HEPES/NaOH pH7.4, 150mM NaCl, ImM EGTA, 1%
triton-X-100 and 0.25% deoxycholic acid containing 1mM PMSF, ImM NEM and
10% glycerol), and lysate was centrifuged at 15 000x g for 15 minutes at 4°C and
supernatant stored frozen for analysis. Concentration was determined by BCA assay
(section 2.1.6) and samples run on SDS PAGE (section 2.1.7) and Western blotting
performed (section 2.1.8). For membrane depolarisation measurements with transient
transfections, 2x10* cells per well were seeded into a poly-I-lysine coated black optical
bottom 96 well plate. Transfections were performed 48 hours, 36 hours and 24 hours

prior to measurements, using a 1:1.5 ratio of fugene-6:DNA, as described above.

2.2.5 Establishing a membrane depolarisation assay

Membrane depolarisation can be measured using a plate based assay, using
DiSBAC>(3) (Bis-(1,3-Diethylthiobarbituric Acid) Trimethine Oxonol, Molecular
Probes, Invitrogen). This is a voltage sensitive probe, which enters depolarised cells
and binds proteins to give a fluorescent signal. DiSBAC»(3) can be used alone, or in
conjunction with a FRET (fluorescence resonance energy transfer) partner, CC2-
DMPE (a coumarin-phospholipid, Invitrogen). CC2-DMPE acts as the FRET donor
and is inserted in to the outer leaflet of the plasma membrane. DiISBAC>(3) is the
FRET acceptor, and is a negatively charged bis-oxonol compound which can bind to
either the outer or inner leaflet of the plasma membrane. When cells are at resting
potential, DISBAC»(3) is present at the outer leaflet, therefore energy is transferred
from CC2-DMPE to DiSBAC>(3) and the emission is read at the wavelength for
DiSBAC>(3) emission. When cells become depolarised, DiSBAC2(3) moves to the
inner leaflet of the plasma membrane and FRET does not occur. This means that a
decrease in fluorescence is read from DiSBAC>(3) and an increase in the emission

from CC2-DMPE.
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2.2.6 Membrane depolarisation measurements using DiSBAC>(3) only

Black, optical-bottom 96-well plates were coated with 100pg/ml poly-l-lysine for 5
minutes at 37°C, then washed with PBS and left to air-dry in the sterile hood. HEK293
P2X7R cells were seeded at a density of 5x10* per well. Once cells were 80%
confluent, they were washed with voltage sensor probe buffer-1 (VSP-1, 160mM
NaCl, 4.5mM KCI, 0.9mM CaCly, ImM MgCl,, 10mM glucose, 10mM HEPES
pH7.4), then 90ul VSP-1 containing 10uM DiSBAC»(3) was added and incubated for
30 minutes to allow loading of the cells. After pre-incubation, fluorescence was
measured using the FLUOstar omega by scanning a 4mm orbital section at the centre
of the well, using excitation at 540-10nm and emission at 590-20nm, with
measurements every 15 seconds for 10 minutes with a gain of 1300. Baseline
fluorescence was read for 5 cycles, then BZATP (final concentration 0.1mM) or KCI
(final concentration 30uM) was injected. The baseline was subtracted from the data,
then the control curve was subtracted and the data plotted on an XY graph using

GraphPad Prism .

2.2.7 Determining optimum excitation and emission wavelengths for
DiSBAC>(3) and CC2-DMPE

Emission and excitation spectra were measured for DiSBAC»(3) and CC2-DMPE
using the spectrofluorimeter (Fluoromax-3, Horiba, Jobin Yvon). It was determined
that optimum excitation of CC2-DMPE occurs using the 420-10nm filter and emission

should be read at 460-20nm (CC2-DMPE) and 550-10nm (DiSBAC2(3)).

2.2.8 Membrane depolarisation measurements using DiSBAC»(3) and
CC2-DMPE

Black, optical-bottom 96-well plates (Nunc, New York, USA) were coated with
100pg/ml poly-L-lysine for 5 minutes at 37°C, then washed with PBS and left to air-
dry in the sterile hood. HEK293 P2X7R cells were seeded at a density of 5x10* per
well (or for transient transfections as described in section 2.5.3). Once cells were 80%
confluent, they were washed with VSP-1. Equal volumes of SmM CC2-DMPE and
20% pluronic-F127 were mixed and diluted to 5uM CC2-DMPE in VSP-1. 100ul
CC2-DMPE was added to the cells and incubated protected from the light at room
temperature for 30 minutes. CC2-DMPE was removed and cells were washed briefly

twice with 100ul VSP-1. 100ul 10uM DiSBAC,(3) was added and incubated for 30
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minutes with the plate protected from light. Where used, 5 minutes prior to the end of
this incubation, quenchers were added (ESS-2; 40mM Tartrazine, 60mM Acid Red 37
and 40mM Acid Fuchsin, or each of these independently or 0.08% Bromophenol Blue.
(Knapp et al. 2001)). After pre-incubation, fluorescence was measured using the
Fluostar omega, using three cycle sections; 1) 5 readings with 5 flashes per well every
2 seconds, after which 0.ImM or 0.5mM BzATP was injected or KCI to a final
concentration of 82uM. 2) 10 readings with 5 flashes per well every 1.16 seconds,
then 3) 25 readings with 10 flashes per well every 1.26 seconds. Filters used were
excitation at 420-10nm and emission at 460-20nm and 550-10nm with a gain of 2200
and 2400 respectively. The baseline was measured from a well containing no cells and
was subtracted from the data from wells containing cells. The first 5 readings (cycle
section 1) were taken to give average fluorescence emission from DiSBAC»(3) and
CC2-DMPE, then the 6 readings between 29 and 36 seconds (cycle section 3) were
taken to give the after-stimulation average fluorescence emission from DiSBAC»(3)
and CC2-DMPE. These readings were used to give the initial and final ratios of
DiSBAC>(3):CC2-DMPE  fluorescence by  calculating  fluorescence  at
460nm/fluorescence at 550nm. The response ratio was calculated as follows: Final
DiSBAC>(3):CC2-DMPE/Initial DiSBAC>(3):CC2-DMPE. A higher response ratio

indicates more depolarisation of the cells.

2.2.9 Immunolocalisation of P2X7R variants

Immunolabelling was performed to enable imaging by confocal microscope of the
P2X7R to confirm its expression on the surface of the cells. HEK293 Flp In, wild-type
P2X7R, P2X7R AT, P2X7R P¥!L or P2X7R variant B cells were seeded at a density
of 1x10* cells into separate wells of a chamber slide in 200ul DMEM containing 10%
hiFBS and allowed to grow for one day (to around 80% confluency). Cells were
washed with PBS, fixed with 4% paraformaldehyde for 10 minutes and washed three
times for 5 minutes in PBS. Cells were permeabilised with 0.1% triton-X-100 for 10
minutes in PBS containing 0.5% paraformaldehyde, then washed three times for five
minutes in PBS. Blocking for non-specific binding was performed using 1% BSA in
PBS for 30 minutes at room temperature. Primary antibody was diluted in 1% BSA as
shown in table 2.1 and added to the appropriate wells and 1% BSA without antibody

was added to negative control wells. Cells were incubated for 2 hours at room
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temperature then washed 3 times for 5 minutes with PBS. Fluorescently labelled
secondary antibody was diluted in 1% BSA as shown in table 2.2 to all wells and
incubated for 1 hour at room temperature. Chambers were removed and slides washed
3 times for 5 minutes in PBS. Coverslips were mounted using Vectashield with DAPI
(Vector Laboratories) to stain the nucleus. Cells were imaged using a Leica confocal
microscope with the 63x/1.4 NA oil objective. AlexaFluor 488 excitation is at 458nm
(using the argon ion laser) and emission captured at 494-535nm. AlexaFluor 594
excitation is at 590nm (using the 590nm laser) and emission captured at 600-620nm.
DAPI nuclear stain can be visualized by excitation at 405nm (using the 405nm diode

laser) and emission collected at 430-512nm.

2.2.10 Calcium flux measurements

Activation of P2X7R by BzATP leads to ion channel formation and Ca?" influx into
the cell. This can be measured using the calcium indicator Fluo-4 (Invitrogen). Black
optical bottom 96-well plates were coated with 100pg/ml poly-L-lysine for 5 minutes
at 37°C, then washed with PBS and left to air-dry in the sterile hood. HEK293 P2X7R
cells were seeded at a density of 5x10* per well. Once cells were 80% confluent, they
were washed with 200ul pre-warmed OptiMEM (Gibco). OptiMEM containing 3uM
Fluo-4 (reconstituted in DMSO containing 12% w/v pluronic-F127 (Invitrogen)) was
added to the cells and incubated at 37°C, 5% CO; for 20 minutes. Cells were washed
once in OptiMEM and 90ul fresh OptiMEM was added. Fluo-4 fluorescence was
measured using the bottom optics of the FLUOstar omega, scanning a 4mm orbital
area in the centre of the well. Experiment was performed at 37°C, 5% CO,. Excitation
was at 480-10nm and emission at 520-10nm, with a gain of 2600. Baseline
fluorescence for each well was read for 5 seconds, then BZATP was injected to a final
concentration of 0.1mM. The change in Fluo-4 fluorescence was read for 20 seconds
after injection. The baseline was subtracted from the data, then the control curve was
subtracted and the mean of eight repeats plotted on an XY graph using GraphPad
Prism. To calculate the rate of Ca®" uptake by the cells, data from the 10 seconds
immediately following BzATP treatment was fitted using non-linear regression,
assuming pseudo first order kinetics, using the following equation; Y=(Ymax-

Ymax*exp(-k*x))+f.
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2.2.11 Measuring pore formation by YO PRO-1 uptake

The pore formed by the P2X7R is permeable to the DNA binding dye YO PRO-1,
meaning that the pore formation ability of cells expressing the P2X7R can be assessed
by measuring YO PRO-1 uptake (Adamczyk 2013). Black optical bottom 96-well
plates were coated with 100pg/ml poly-L-lysine (Sigma) for 5 minutes at 37°C, then
washed with PBS and left to air-dry in the sterile hood. HEK293 P2X7R cells were
seeded at a density of 3x10* per well. Once cells were 80% confluent, they were
washed with 200ul pre-warmed physiological salt solution (PSS; 147mM NacCl,
10mM HEPES/NaOH, pH7.4 12mM glucose, 0.9mM CaCl,, 2mM KCIl, 1mM
MgCl,,). When inhibitors were employed, cells were pre-incubated with inhibitor
diluted in PSS as stated in table 2.3. PSS containing 1uM YO PRO-1 (Invitrogen) was
added to the cells, and fluorescence was measured using the bottom optics of the
FLUOstar Omega, scanning a 4mm orbital area in the center of the well. Experiment
was performed at 37°C, 5% CO,. Excitation was at 480-10nm and emission at 520-
10nm, with a gain of 2100. Baseline fluorescence was read every 40 seconds for 6
cycles. After 6 cycles, either H2O (control) or BzATP at 0.1mM or 0.5mM final
concentration was added using the injectors of the FLOUstar Omega, then YO PRO-
1 uptake was measured for 60 minutes in 40 second intervals. The baseline was
subtracted from the data, then the control curve was subtracted and the mean of three

repeats =+ SEM plotted on an XY graph using GraphPad Prism.
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Methods in Chapter 4

2.3.1 Cloning TG2 GTP binding variants

The wild type TG2 DNA pcDNA3.1 vector was provided by Professor Daniel
Aeschlimann. The TG2 R3%°A in pcDNA3.1 was provided by Dr Siri lismaa. Primers
for introducing K!'7L and K'”*N/F'7*D were designed as shown in table 2.7 and
ordered from Eurofins MWG. PCR reaction mixes contained Sul 10x Phusion HF
buffer, 0.5pg template DNA, 2uM each of forward and reverse primers as listed in
table 2.9, 2 units Phusion polymerase, 0.8mM dNTPs and MilliQ H>O up to a final
volume of 50pl. PCR cycles are shown in table 2.10.

Table 2.9 Primer sequences for mutagenesis. Mutated bases are highlighted in red.

TG2 Forward Primer Reverse Primer

Variant

K'73L 5’-CAGGGCTCGGCCTTATTCATCAAGAACATACC- 5’-GTTCTTGATGAATAAGGCCGAGCCCTGGTAG-3’
3’

K'N/F'7*D | 5°- 5’-
CCAGGGCTCGGCCAATGACATCAAGAACATACCT- | GGTATGTTCTTGATGTCATTGGCCGAGCCCTGGTAG
3 -3

Table 2.10 PCR cycles for TG2 constructs

Stage Temperature (°C) Time Repeats
94 2 minutes
Denaturing 94 30 seconds
Annealing 55, 58, 62 or 65 45 seconds X 16
Extension 72 7 minutes
72 10 minutes

Successful amplification of the desired products was determined using agarose (1%)
gel electrophoresis both before and after Dpnl digestion. Dpnl digest was performed
after purification of PCR products using a QIAgen PCR purification kit, following the
manufacturers’ protocol and elution in 50ul MilliQ H>O. The original template was
removed from the PCR product by addition of 6ul Promega buffer B (6mM Tris/HCI
pH7.5, 6mM MgClz, 50mM NaCl,, ImM DTT), 10 units Dpnl (R6231, Promega) and
3ul H20 followed by incubation at 37°C overnight. Where amplification had occurred
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(indicated by a band of the correct size on a 1% agarose gel that is resistant to Dpnl
digest), the product was purified again as above. Giga competent cells (E. coli DH5a)
were transformed with the purified DNA by heat shock at 42°C for 45 seconds, placed
on ice for 2 minutes, then SOC media (Invitrogen) was added and cells incubated at
37°C for 1 hour prior to spreading on LB agar plates containing 100pg/ml ampicillin
to select for bacteria that have taken up the plasmid. Bacteria were grown on plates
overnight at 37°C, then single colonies were picked and transferred into 3ml LB media
containing 100pg/ml ampicillin. Bacteria were collected by centrifugation at 6 800x g
for 3 minutes and plasmid DNA purified using the QIAquick miniprep kit according
to the manufacturers’ instructions. The plasmid DNA was sequenced to confirm
desired substitutions have been made using the primers in table 2.11 and the service
facility of Cardiff University, sequencing alignment of the successful generation of

TQG2 variants is shown in the appendix (Supplement S2).

Table 2.11 Sequences of primers used for TG2 GTP binding variant sequencing

Name Sequence Mutations used for

hTG2 up102 5’-GCTCTTCAACGCCTGGTGCC-3’ K!”N, KL, K!*N/F'7“D

hTG2 downl03 | 5’-GGCGTTCTTCAGGAACTTGG-3’ K!”N, K'*L, K'*N/F'7“D

hTG2 upl06 5'-CATGACCAGAACAGCAACC-3' R3%0A

hTG2 rev 5’-CAGCTTGCGTTTCTGCTTGG-3’ R30A

2.3.2 Expression and purification of TG2 GTP binding variants

Recombinant TG2 was purified from E. coli culture using affinity chromatography
with a nickel column followed by ion exchange chromatography as previously
described (Hadjivassiliou et al. 2008). 1L of E. coli culture expressing TG2 was grown
to OD 0.6 at 600nm and then expression of TG2 induced with Rhamnose (0.5% w/v
final concentration, Genaxxon bioscience, Germany) and grown at 20°C overnight
with shaking at 150rpm. Bacteria were pelleted by centrifugation at 24 471x g for 30
minutes at 4°C, then re-suspended in 30ml buffer A1 (20mM Tris/HC1 pH7.5, 300mM
NaCl, ImM EDTA). Cells were homogenized using the Stansted pressure cell
homogenizer. The homogenized sample was cleared by centrifugation at 47 808x g for
30 minutes at 4°C. The lysate was applied to a nickel column (His-TRAP HP column,
Sml, GE) as TG2 binds to the column because of a N-terminal His-tag that was
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engineered. The column was washed using several volumes of buffer A1 to remove
any proteins that had not bound to the column. Weakly bound proteins were removed
by washing with 10% buffer B1 (20mM Tris/HCI pH7.5, 300mM NaCl, ImM EDTA,
300mM imidazole). Approximately 12ml of 50% Buffer B1 was used to elute the TG2
and fraction sizes of 1ml were collected. The protein containing fractions were pooled
and diluted 1:3 with buffer A2 (20mM Tris/HCI pH7.5, ImM EDTA) to reduce salt
concentration, and loaded onto an ion exchange column (Source Q15, 6ml column)
equilibrated in buffer A2. After washing with buffer A2, the TG2 was eluted using a
linear gradient of buffer B2 (20mM Tris/HCl pH7.5, ImM EDTA, IM NaCl)
increasing to 100% over 60 minutes. There is a large peak in absorbance at 280nm at
approximately 50% buffer B2 indicating that the TG2 was being eluted. The fractions
corresponding to the peak were collected and pooled. Protein was stored at -20°C.
Protein concentration was determined as described in section 2.1.6 and activity was
measured using the isopeptidase assay described in section 2.3.3 or the MDC

(monodansylcadaverine) activity assay described in section 2.3.4.

2.3.3 Isopeptidase activity assay

TG2 can hydrolyse the isopeptide bond formed during the cross-linking reaction and
this property has been used in quantitative assays (Adamczyk et al. 2013). This assay
uses a quenched fluorescent probe (Abz-APE(y-cad-Dnp)QEA, A102, Zedira,
Germany) that mimics the cross-linked TG2 product and hydrolysis of this isopeptide
bond releases the quencher to allow an increase in light emission. Black, optical-
bottom 96-well plate, buffers and CaCl, solution were warmed to 37°C before the
experiment. FLUOstar Omega injectors were primed with 20mM CaCl; (final
concentration in each well of 2mM) for enzyme activation or H>O for the control
reaction. 3mM DTT was added to each well, and where required, GTP (Sigma, G5884)
at the following final concentrations in each well: 660uM, 300uM, 150uM, 75uM,
37.5uM, 18.8uM, 9.4uM, 4.7uM, 2.3uM, 1.2pM and OpM in a volume of 10pl.
Control well contained 0mM GTP. TG2 was diluted to 25pg/ml in assay buffer (60mM
Tris/HCI, pH7.5, 125mM NaCl, 12.5mM glycine methylester) plus 62.5uM A102 and
80l of this was added to the required wells. Excitation was at 320nm and emission at
440-10nm. A 15 minute pre-incubation time was allowed before cycle 1, then readings

were taken every 40 seconds for 10 cycles before enzyme activation to establish a
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baseline. Following Ca®* (or H,0) injection, readings were taken for one hour at 40
second intervals. Baseline fluorescence was subtracted from the data, then the control
curve was subtracted and data plotted using GraphPad Prism. The rate of enzyme
activity at each GTP concentration was determined by performing linear regression
analysis in GraphPad Prism. The results of this analysis were plotted and fitted to a

sigmoidal dose response curve and the Kp determined.

2.3.4 MDC activity assay

As an alternative to the isopeptidase activity assay, the monodansylcadaverine assay
was used to measure TG2 activity as a measure of transamidation activity (Lorand et
al. 1971). This assay allows real-time measurement of the amount of
monodansylcadaverine incorporated into N,N-dimethylcasein by TG2. A 1:10 ratio of
TG2:Assay buffer (v/v) (50mM Tris/HCI, pH8, 10mM CaCl;, 10mM glutathione
(reduced), 2.5% glycerol, 2.5% DMSO, 20uM N,N-dimethyl casein (Sigma) and
25uM monodansylcadaverine (Fluka, Sigma-Aldrich) was used. Reagents were pre-
warmed to 37°C and the reaction started by addition of enzyme. The plate (Black
optical bottom, Nunc) was read using the bottom optics of the FLUOstar Omega every

40 seconds with excitation at 332nm and emission at 515nm.

2.3.5 Native PAGE

Native Page was performed to show differences in conformational changes between
wild type TG2 and GTP binding variants of TG2 in the presence of GTP. 4ug purified
recombinant TG2 was mixed with an equal volume of 2x sample buffer (100mM
Tris/HCI pH 6.8, 15% glycerol, 0.02% bromophenol blue, 10mM DTT). Samples
where GTP was required were incubated with 25uM GTP for 10 minutes in sample
buffer. 0.25uM GTP was also included in the running buffer (25mM Tris/HCI pH7.8,
192mM glycin) for these samples. Samples were run on Novex 10% polyacrylamide
tris-glycine gels (Invitrogen) both with and without GTP at 100V, 35mA for 3 hours

on ice.
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Methods in Chapter 5

2.4.1 Investigating the ability of caspase-1 to cleave TG2

To assess the ability of caspase-1 to cleave TG2, recombinant TG2 processing by
recombinant caspase-1 was tested. Recombinant caspase-1 (Abcam) was reconstituted
in PBS containing 15% glycerol (lunit/ul). 0.25pg, 0.5ug and 1pg purified
recombinant TG2 was incubated with 1 unit caspase-1 at 37°C for 1 hour, made up in
caspase-1 reaction buffer (SOmM HEPES pH7.4, 50mM NacCl, 0.5mM EGTA, 10%
glycerol, 5SmM DTT). Recombinant TG2 was also incubated at 37°C for 1 hour in
caspase-1 reaction buffer, without caspase-1 to account for any degradation that may
occur due to experimental conditions. Samples were then run on an SDS PAGE gel

and Western blotting was performed for TG2.

2.4.2 Investigating the ability of M1 macrophage conditioned media to
cleave TG2

To investigate the possibility that TG2 processing occurs in the conditioned medium
of the M1 macrophages, recombinant TG2 was incubated with conditioned medium.
1x103 M1 macrophages were seeded per well in 24 well plate and 24 hours later, cells
were used for P2X7R stimulation. OptiMem was pre-warmed and pre-gassed with
CO3 in the incubator overnight. Cells were washed with 0.2ml/well OptiMem, then
0.25ml per well of 0.ImM BzATP in OptiMem was added to the cells and incubated
for 10 minutes at 37°C with 5% COz. 0.25ml conditioned media were collected from
each well (Iml conditioned media in total) and centrifuged at 1 500x g for 10 minutes
to remove cell debris. SmM tris/HCI pH7.4 was added prior to storage at -20°C. 2ug
of TG2 was added to 20pul conditioned medium, or fresh OptiMem as a control. The
following protease inhibitors and their relevant vehicle controls were added to the
medium, to assess the roles of different families of proteases: GM6001 (50uM, 0.5%
DMSO), EDTA (5mM, 2% H>0), PMSF (ImM, 1% ethanol), NEM (I1mM, 1% H>0),
Aprotinin (10pg/ml, 0.1% H»0), E64 (10uM, 10% H20), benzamidine (10mM, 3.04%
H>0), bestatin (40uM, 4% methanol), leupeptin (10pg/ml, 0.1% H>0), pepstatin A
(1uM, 0.1% DMSO), phosphoramidon (5uM, 0.5% H20) and chymostatin (100uM,
1% DMSO). Reaction was incubated at 25°C, overnight, then samples were run on

SDS PAGE and Western blotting was performed for TG2.
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2.4.3 Immunoprecipitation of TG2

To investigate the nature of processing of the cleaved form of TG2,
immunoprecipitation was performed to extract TG2 from conditioned medium and
lysate of M1 macrophages. For P2X7R stimulation, 1x10° M1 macrophages were
seeded per well in 24 well plate and 24 hours later, cells were used for P2X7R cell
stimulation experiments. OptiMem was pre-warmed and pre-gassed with COz> in the
incubator overnight. Cells were washed with 0.2ml/well OptiMem, then 0.25ml per
well of 0.lmM BzATP in OptiMem was added to the cells and incubated for 10
minutes at 37°C with 5% COz. 0.25ml conditioned media were collected from each
well (5ml conditioned media in total) and centrifuged at 1 500x g for 10 minutes to
remove cell debris. SmM tris/HCl pH7.4 was added, alongside protease inhibitors
AEBSF, NEM and EGTA. Cell lysates were also collected in cell extraction buffer
(50mM HEPES pH 7.4, 150uM NaCl, 1% Triton, 1% Na Deoxycholate, 0.1% SDS,
10% glycerol, 1.5mM MgCl, ImM EGTA, AEBSF and NEM), as a positive control.
Protein G sepharose beads (GE) were prepared by taking 100ul of 75% bead slurry
and washing 3 times in Iml PBS. Beads were settled by spinning at 500xg for 1
minute. The sample was pre-cleared by adding media to the prepared beads, and
incubating at 4°C for 1 hour with shaking. Beads were settled by spinning at 16 000xg,
4°C for 10 minutes, then the supernatant was kept and beads disposed of. lug
CUB7402 anti-TG2 antibody was added to the supernatant (5Sml conditioned media)
and also to 850pg of total cell lysate and incubated 4°C, overnight, with shaking. 100ul
of 75% bead slurry prepared as previously, then conditioned media and lysate added
to beads and incubated at 4°C, 2 hours with mixing. Beads were collected at 500xg for
1 minute and the supernatant removed and kept. The beads were washed 3 times in
800ul wash bufter (50mM HEPES pH7.4, 150mM NaCl, 0.1% triton, 10% glycerol).
The beads were collected by centrifugation at 5 000x g for 15 seconds between each
wash. The beads were boiled for 5 minutes in 50ul sample buffer and centrifuged at
16 000x g for 10 minutes to elute the bound protein. 15ul of eluted protein was run on
SDS PAGE for subsequent analysis by ms/ms (performed by the Cardiff University
service facility) and 15ul of eluted protein was used for Western blotting, probing for

TG2, to confirm successful extraction of the protein.
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2.4.4 Biotin labelling of cell surface proteins

Cell surface proteins were extracted using the Pierce cell surface protein isolation kit
(Thermo Scientific). Cell surface proteins were labelled with Thermo Scientific EZ-
link Sulfo-NHS-SS-Biotin by addition of this as an ice-cold solution and incubation
for 30 minutes at 4°C with gentle agitation. Any un-reacted EZ-link Sulfo-NHS-SS-
Biotin was quenched by addition of quenching buffer and mixing, then the cells were
scraped into solution and centrifuged at 500x g for 3 minutes, then the supernatant was
discarded. The provided lysis buffer was then used to lyse the cells, with a 30 minute
incubation on ice, with brief vortexing every 5 minutes. Lysates were then centrifuged
at 10 000x g for 2 minutes at 4°C and supernatant collected. The biotin labelled
proteins were isolated using Thermo Scientific NeutrAvidin agarose by addition of the
clarified lysate to a provided column and incubated with end-over-end mixing for 1
hour at room temperature. The column was centrifuged at 1 000x g for 1 minute and
the flow through discarded. 200ul 1x SDS PAGE sample buffer (as described in
section 2.1.7) containing SmM DTT was added to the column and incubated with end-
over-end mixing for 1 hour at room temperature. The column was centrifuged at 1
000x g for 2 minutes and the flow through collected. 20ul of the flow through was run
on SDS PAGE gel and Western blotting performed as described previously (section
2.1.7 and section 2.1.8 respectively).
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Methods in Chapter 6

2.5.1 Genomic DNA extraction from peripheral blood samples

Genomic DNA was extracted using the Wizard genomic DNA purification kit
(Promega). A minimum of 5ml blood was used for DNA extraction, performed
according to the manufacturers’ protocol, as follows. 15ml cell lysis solution was
mixed with 5Sml blood and incubated for 10 minutes, with inversion 2-3 times once
during the incubation, to lyse the red blood cells. This was then centrifuged at 2 000x
g for 10 minutes. The supernatant was removed, without disturbing the pellet, leaving
approximately 1.5ml liquid and then vortexed for 10-15 seconds to re-suspend the
pellet. Sml of nuclei lysis solution was added to the cells and pipetted up and down
five or six times to lyse the white blood cells. 1.65 ml of protein precipitation solution
was added to the nuclear lysate and vortexed for 10 to 20 seconds, then centrifuged at
2 000x g for 10 minutes at room temperature. The supernatant was collected and added
to 10ml room temperature isopropanol and gently mixed by inversion until DNA forms
a visible small white pellet then centrifuged at 2 000x g for 1 minute. The supernatant
was removed and 10ml room temperature 70% ethanol was added to the DNA. The
tube was inverted to wash the DNA pellet, then centrifuged at 2 000x g for 1 minute.
The ethanol was removed and pellet air dried for 10 to 15 minutes. 400ul DNA
rehydration solution was added and incubated at 65°C for 1 hour. DNA was stored,

awaiting further analysis, at 4°C.

2.5.2 Amplification of P2RX7 exons for sequencing

P2RX7 gene amplification, to allow genomic DNA sequencing and identification of
polymorphisms, was performed by PCR, using the primers shown in table 2.12. The
alignment of these primers with P2RX7 reference sequence is shown in the appendix
(supplement S3). PCR was set up using 10ul GC buffer (Finnzymes), 1ul 10mM
dNTPs, 2.5ul each of forward primer and reverse primer (10uM), 2pl human genomic
DNA (5ng/pl), 0.5ul Phusion high-fidelity DNA polymerase and made up to 50ul with
RNase free H>O. PCR was performed as outlined in table 2.13. PCR reactions were
run on a 1% agarose gel and where prominent bands were present, these were extracted
using the QIAgen gel extraction kit. Where the bands were faint, they were cut out of

the gel and PCR repeated as previously to further amplify the band. DNA was
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sequenced using the Cardiff University service facility and the primers shown in table

2.12.

Table 2.12 Primers used for P2X7R PCR amplification and sequencing analysis

Exon Forward Primer Reverse Primer

Exon 1 5’-CCCTGTCAGGAAGAGTAGAGC-3’ 5’-GCTGTCGTGTCTTTCGGGGTC-3’
Exon 2 5’-CATCCTCCAACGCCTGCATCC-3’ 5’-GAGCAGCGACCAGTGGCAGCG-3’
Exon 3 5’-GGAGAGGTTCGCCCAGCAAGC-3’ 5’-CCACGTTCAGCCTTCTTCGTC-3’
Exon 4 5’-GGATATCGAATCACTTCTCCACG-3’ 5’-CAGACCGTAGAACCACTGTAAACA-3’
Exon 5 5’- CGCAGTTCTTTCACATCTGTGG-3’ 5’-CTGGTCTACTCCGGAACGGCT-3’
Exon 6 5’-CCAAGCCAAGAAACCAGAAGC-3’ 5’-GACCGACAGAATCAATAGATGACG-3’
Exon 7 5’-CAGATCTGTTTTCAATCGAGATG-3’ 5’-CAGATCCCTACCTCCTACAGTTT-3’
Exon 8 5’-AGGGAGATGTCTGGCGGTTGC-3’ 5’-GGTCACCGACTTAGCGTAAGG-3’
Exon 9 5’-CCAGCACTTTCAAAGGGATCT-3’ 5’-CTGACACAGGTTAATGACGACAC-3’
Exon 10 and 11 5’-GCACGTTGAAGCAAAAGAGCG-3’ 5’-CAAGTGTCCTGTGGTTCTGTAC-3’
Exon 12 5’-GAGCCAGCTTGTTCAATAGTCTATC-3" | 5’-GATCGTCCTCAGGGAAAATACG-3’
Exon 13 5’-GAACCTGAGGGCTTGTCATGG-3’ 5’-GCCTGACTTCGGTCCGTGGCACCG-3’

Table 2.13 PCR cycles for amplifying P2X7R exons

Stage Temperature (°C) Time Repeats
98 30 seconds
Denaturing 98 10 seconds
Annealing 60 30 seconds X 40
Extension 72 1 minute
72 7 minutes
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3. Dissecting the role of P2X7R activities in TG2 secretion: Is enzyme
externalization linked to membrane pore formation?

3.1 Introduction

Stimulation of P2X7R induces different stages of receptor activation. Initially, with a
short period of ATP activation (seconds), an ion channel forms, giving membrane
depolarisation through Na* and Ca?" influx and K* efflux (Surprenant e al. 1996). The
Ca?" influx will also lead to calcium signalling inside the cell. Prolonged receptor
activation (tens of seconds to minutes, mM concentration of ATP) leads to formation
of a membrane pore, allowing passage of larger cationic molecules (Coutinho-Silva
and Persechini 1997). There are three ATP binding sites on the P2X7R, it has been
proposed that binding of two molecules of ATP induces ion channel opening.
Saturation (binding at all three ATP binding sites) leads to membrane pore formation

(Yan et al. 2010; Hattori and Gouaux 2012).

The identity of the P2X7R membrane pore is unknown, however, there are two main
hypotheses as to how the membrane pore is formed. The pore formed by P2X7R could
be 1. through an interaction with another plasma membrane channel or 2. formed by
dilation of the ion channel formed by the receptor itself. Application of colchicine (a
microtubule disruptor) to cells prevented dye uptake, but had no effect on ion channel
formation (Marques-da-Silva et al. 2011). This implicates separate pathways for
membrane pore formation and ion channel formation. Pannexin -1 is one such pore
that has been implicated, however, membrane pore formation can also be seen in cells
lacking pannexin-1 expression (Sun ef al. 2013) and inflammasome formation and IL-
1B secretion in pannexin-1 null mouse macrophages has been demonstrated (Qu et al.
2011). There is substantial evidence for either hypothesis, with neither being more
convincingly demonstrated and distinct mechanisms may be involved in different cell
types. In the following, I will briefly outline the supporting evidence for the two
hypotheses.

The separate pore forming component is often thought to be the plasma membrane
protein pannexin-1 (Locovei et al. 2007; Iglesias et al. 2008). Pannexins are
structurally similar to connexins and are comprised of four transmembrane domains
with two extracellular loops and a cytoplasmic tail. Pannexin-1 monomers can form

hexamers, often termed ‘pannexons’, which form a cation selective channel between
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the cell and the extracellular environment (hemichannels) (Bruzzone and Dermietzel
2006). This pore formed by pannexin-1 has been shown to be permeable to cations up
to 900Da, consistent with the observed capabilities of the membrane pore formed by
P2X7R (Bruzzone et al. 2005). Suadicani et al have demonstrated that the use of
antagonists of gap junction channels can inhibit P2X7R membrane pore activity,
implicating pannexins (Suadicani et al. 2006). On the other hand, it has been
demonstrated that bone marrow derived macrophages lacking pannexin-1 expression
are capable of secreting IL-1P and IL-18, which requires P2X7R membrane pore
formation (Qu et al. 2011).

The second hypothesis for P2X7R membrane pore formation is that the P2X7R ion
channel itself can dilate to form a larger membrane pore. It has been demonstrated that
HEK293 cells expressing P2X7R are capable of dye uptake (Browne ef al. 2013; Sun
et al. 2013). These cells express pannexin-1, however, inhibition of pannexin-1 using
the peptide mimetic inhibitor '°Panx had no effect on dye uptake. Stimulating P2X7R
in cells which lack pannexin-1 expression can still induce membrane pore formation
(Sun et al. 2013). Taken together, this implicates an alternative channel to pannexin-1
or P2X7R itself as the essential membrane pore forming component. The same group
identified several residues within the second transmembrane domain of the P2X7R
that are required for membrane pore formation. These residues could contribute by
either affecting the size of the pore formed by P2X7R itself or through interacting with
other proteins (Sun ez al. 2013). Structural modelling of P2X7R has demonstrated that
the P2X7R ion channel/membrane pore could dilate due to successive ATP binding
events causing conformational changes. Each molecule of ATP binding to the trimeric
receptor could cause additive conformational changes. When the first ATP molecule
binds, a small conformational change may occur, and on binding of a second ATP
molecule a conformational change large enough to induce ion channel formation may
occur. When the third ATP molecule binds, the receptor is fully activated, possibly
meaning that a more dilated channel is formed due to a final conformational change
(Yan et al. 2010). It has also been experimentally shown that the P2X7R pore passes
through a series of smaller intermediate stages as it dilates, before reaching the fully
dilated size, which is permeable to NMDG (Virginio et al. 1999a). While these studies
could implicate dilation of the P2X7R itself in membrane pore formation, it has also

been shown that ion channel activity can be blocked without affecting pore formation
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(for example, by calmidazolium (Virginio et al. 1997)). This does not preclude P2X7R
itself as the pore forming component but suggests that the membrane pore is not a

dilated ion channel.

Our group has demonstrated that TG2 release occurs on P2X7R activation and can be
inhibited by application of a specific P2X7R inhibitor (A740003) (Adamczyk et al.
2015). We have shown that TG2 release is mechanistically separate from calcium
signalling and ion channel formation, by application of an inhibitor (calmidazolium)
that block these P2X7R activities (Adamczyk et al. 2015). When calmidazolium is
used, TG2 secretion still occurs. However, inhibition of calcium signalling prevents
flotillin-2 secretion, a lipid raft protein which is often used as a marker of microvesicle
release, also suggesting that TG2 secretion does not occur through microvesicles.
Separation of microvesicles from conditioned media of P2X7R stimulated cells
showed TG2 absent from microvesicle fractions and present in soluble fractions
(Adamczyk et al. 2015). This separates TG2 release from these activities of the

P2X7R, suggesting that it is membrane pore formation that leads to TG2 secretion.

In this chapter, the relationship between the P2X7R membrane pore and TG2 secretion
is investigated in more detail by pharmacological inhibition of pannexin-1 and
introduction of mutations into the P2X7R using HEK293 cells expressing P2X7R as

a model.
Aims for this chapter:

1. Investigate whether pannexin-1 is the membrane pore forming
component of P2X7R in our cell model.

2. Establish a membrane depolarisation assay to investigate whether the C-
terminally truncated P2X7R variant B forms a functional cell surface
receptor.

3. Generate cells stably expressing selected P2X7R variants.

4. Investigate the role of P2X7R membrane pore formation in TG2 secretion.
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3.2 Results

3.2.1 Is pannexin-1 involved in membrane pore formation upon P2X7R
activation in the HEK293 cell model?

To establish whether membrane pore formation is the essential step for TG2 secretion
following P2X7R activation, the identity of the membrane pore needed investigating.
One theory suggested that the membrane pore was formed by interaction with another
plasma membrane channel, thought to be pannexin-1 (Locovei et al. 2007; Iglesias et
al. 2008). Here, 1 used pannexin-1 inhibitors to assess the role of pannexin

hemichannels in pore formation and TG2 secretion.

YO PRO-1 is a cell-impermeable fluorescent cationic compound that can be taken up
through the membrane pore formed by P2X7R activation. Once taken up by cells,
DNA binding by the dye leads to enhanced fluorescence emission, giving an indication
of the membrane pore forming capabilities of cells expressing P2X7R. This assay has
been previously established in our laboratory (Adamczyk 2013; Adamczyk et al.
2015). HEK293 cells expressing wild-type P2X7R were treated with pannexin-1
inhibitors; trovafloxacin (trova) (Poon et al. 2014) and '°Panx (a pannexin-1 mimetic
peptide, sequence: WRQAAFVDSY) (Pelegrin and Surprenant 2006). When P2X7R
expressing cells were stimulated with 0.1mM or 0.5mM BzATP neither trova or '°Panx
had any inhibitory effect on YO PRO-1 uptake and therefore the membrane pore
forming capabilities of these HEK293 cells (Fig. 3.1 A and C). Analysis of the rates of
YO PRO-1 uptake confirm that there is no significant decrease in membrane pore
activity in the presence of these inhibitors (T-test p>0.05) (Fig. 3.1 B and D).
Concentrations of ligand that induce receptor activation (0.IlmM BzATP) or receptor
ligand binding site saturation (0.5mM BzATP) were examined as at least two
components contribute to YO PRO-1 uptake, activated by different states of P2X7R
ligand occupancy (Adamczyk 2013). This indicates that pannexin-1 is unlikely to be
the membrane pore forming component in this cell model, even under conditions of

full ligand occupancy of P2X7R.
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Fig. 3.1 YO PRO-1 uptake in the presence of pannexin-1 inhibitors. HEK293 cells

expressing wild type P2X7R were seeded in a 96 well plate at a density of 3x10* cells/well. Once cells
were 80% confluent, cells were washed and pre-treated for 30 minutes with or without 100pM °Panx
or 100uM trovafloxacin (trova). After pre-incubation, IpM YO PRO-1 in PSS was added to the cells,
and cells were stimulated with 0.1mM BzATP or 0.5mM BzATP. YO PRO-1 uptake was measured
(excitation 480nm, emission 520-10nm) in the presence of A) 100uM Trovafloxacin or vehicle control
(0.1% DMSO). Each point is the mean fluorescence = SEM of three wells, with the non-stimulated
control subtracted to account for fluorescence bleaching. Graph is representative of five independent
experiments. C) Experiment performed in the presence of 100uM '°Panx or vehicle control (H,0). Each
point is fluorescence from a single well, with the non-stimulated control subtracted to account for
fluorescence bleaching. Graph is representative of four independent experiments. B and D) YO PRO-1
uptake rates were calculated from linear regression analysis of initial response (between 200 and 800
seconds following BzATP injection) in the presence of these inhibitors or vehicle control. The vehicle
control treated with 0.1mM BzATP was set to 1 and all other data in the relevant experiment adjusted
according to this control to allow comparison of uptake rates between experiments. n.s. indicates result

is not significant as determined by t-test (p>0.05).
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3.2.2 TG2 release is not affected by the pannexin-1 hemichannel inhibitor
trovafloxacin

Although pannexin-1 does not appear to be involved in membrane pore formation by
HEK293 cells, as indicated by YO PRO-1 uptake, it is possible that YO PRO-1 uptake
and TG2 secretion occur through distinct membrane pore components. To assess
whether pannexin-1 could be involved in TG2 secretion, HEK293 cells transiently
transfected to express TG2 were treated with trova. The P2X7R was stimulated using
0.1mM BzATP and conditioned media collected and the presence of TG2 assessed by
Western blotting using a previously established protocol (Adamczyk ef al. 2015). As
we found previously that TG2 secretion occurs in the initial 10 minute pulse of BZATP
and continues during a 30 minute chase in the absence of BzATP, I used these
conditions to ensure that pannexin-1 involvement was detected at either of these times.
I tested 0.1mM BzATP and not 0.5mM BzATP as this concentration is sufficient for
TG2 secretion so inhibition of pannexin-1 in these conditions would prevent TG2
secretion if it was involved. The presence of trova did not affect TG2 secretion (Fig.
3.2), therefore pannexin-1 is unlikely to be the pore forming component involved in
TG2 release from cells. This indicates that an alternative membrane pore forming
component, or a membrane pore formed by the P2X7R itself is required for TG2

secretion.
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Fig. 3.2 TG2 secretion in the presence of pannexin-1 inhibitor. WT P2X7R HEK293

cells were transfected to express TG2 transiently, after 48 hours cells were pre-incubated with 100uM
trovafloxacin (trova) or DMSO (0.1%) as a control for 30 minutes and trovafloxacin and DMSO were
present during the subsequent steps of the experiment. Cells were stimulated with 0.1mM BzATP or
left without agonist in OptiMEM as a control for 10 minutes as indicated. The conditioned media were
collected and cells further incubated for 30 minutes in OptiMEM without BZATP. Conditioned media
were again collected and cells lysed to allow assessment of TG2 expression levels. 150ul of conditioned
media or 10png total cell protein (as determined using BCA assay) were run for each sample on a 4-20%
SDS PAGE gel under reducing conditions. Western blotting for TG2 (CUB7402, 200ng/ml) and -
tubulin (TUB2.1, 2.6ug/ml) was performed. Result shown is representative of 3 independent

experiments.

3.2.3 Selecting P2X7R variants for expression in HEK293 cells

The selected mutations were chosen as they have previously been shown to modify
P2X7R membrane pore formation specifically, and not other activities of the P2X7R.
The A3¥T mutation was identified in human genomic screening, and shown to be
present as the critical polymorphism for hyperactive P2X7R membrane pore formation
(Stokes et al. 2010). The P4'L mutation was identified in a genetic screen of mice
with different pain sensitivities. Membrane pore formation was shown to be abolished
in mice carrying leucine at position 451 (Adriouch et al. 2002). As there is a high
degree of homology between the mouse and human receptor sequences in the
respective sequence motif (an SH3 domain binding motif), it was expected that this
amino acid exchange would have the same effect in both species (Fig. 3.3). Finally, a
truncated version of the P2X7R, P2X7R variant B, was selected as a second variant
deficient in pore formation. P2X7R variant B is a naturally occurring human splice

variant, which leads to inclusion of an early stop codon from an intron between exons
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10 and 11. This prevents translation of the final 249 amino acids from the C-terminus
of the receptor and adds 18 amino acids from this intron (Adinolfi ez al. 2010). The C-
terminus is known to be important for membrane pore formation (Costa-Junior et al.

2011).

Mouse (L451) 445-SLHDSPLTPGQ-455
Mouse (P451) 445-SLHDSPPTPGQ-455
Human 445-ATLHDTPPIPGQ-455
Rat 445-SLHHSPPIPGQ-455

Fig. 3.3 Sequence alignment of mouse, human and rat P2X7R. The SH3 domain

binding motif X-P-P-X-P containing the residue at 451 are highlighted in yellow. Residues differing

from the mouse sequence are underlined.

3.2.4 Detection of the extracellular domain of P2X7R for immunostaining

HEK293 Flp In cells were stably transfected to express P2X7R variant B, a truncated
form of the receptor which lacks 249 amino acids from the intracellular C-terminus as
well as two variants carrying a single amino acid exchange, P2X7R A3®T and P2X7R
PHIL. As transfectants were generated using Cre-mediated site-specific integration,
transgene expression levels were expected to be comparable. Nevertheless, to
demonstrate successful transfection with all plasmids, qPCR was performed. The
expression of the P2X7R gene in cells transfected with plasmids for expression of wild
type P2X7R, P2X7R A3*¥T, P2X7R P#'L and P2X7R variant B was found to be
similar (Fig. 3.4 A). Both P2X7R A3*T and P2X7R P*!L appear to show slightly
increased mRNA expression levels in comparison to wild type P2X7R, however, this
is likely to be within experimental error and appears to have little effect on the amount
of protein expression (Fig. 3.4 B). qPCR data therefore demonstrates successful
transfection of HEK293 cells with all plasmids, including P2X7R variant B. Western
blotting demonstrated a very low level of P2X7R variant B in the stable cell line in
comparison to wild type P2X7R, whereas P2X7R A**¥T and P2X7R P*'L expressed
at similar levels to the wild type (Fig. 3.4 B). As site-specific integration with Cre was
used to generate stable cell lines, positional effects of transgene expression were not
expected. Nevertheless, the experiment was conducted six times with similar
outcomes, i.e. very low to no expression of P2X7R variant B. As the most specific

antibody for P2X7R is directed to the C-terminus (Sc-25698) and P2X7R variant B
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lacks much of the C-terminus present in wild type P2X7R, it was not possible to use
this antibody to detect surface expression of P2X7R variant B. The antibody to the
extracellular domain of P2X7R (Alomone labs, APR0O0S) was therefore tested for
suitability for immunostaining. An initial experiment labelling fixed parental HEK293
Flp In cells, which do not express P2X7R, and wild-type P2X7R expressing HEK293
cells with this antibody showed non-specific staining of the parental cells (Fig. 3.4 C).
This was shown to not be due to secondary antibody issues, as cells incubated with
secondary antibody only did not show any staining (Fig. 3.4 C). To address whether
this was due to autofluorescence from the fixative, which can be present when the
fluorescent label is in the green range (such as AlexaFluor 488), the secondary
antibody was changed to an AlexaFluor 594 conjugated antibody. Staining of both
HEK293 Flp In parental cells and HEK293 wild type P2X7R expressing cells was
seen under these conditions, indicating that there is some non-specific binding of this
antibody. To remove antibody that may recognise undesirable membrane proteins, the
primary antibody was cross-absorbed by incubation with parental HEK293 Flp In cells
prior to use in immunostaining experiments. The parental HEK293 Flp In cells stained
using this antibody showed reduced staining in comparison to wild type P2X7R
expressing cells, although staining was still visible in both cell lines. The signal for
wild type P2X7R expressing cells was very low, therefore higher concentrations of
primary antibody were cross-absorbed in the same way and used to stain parental
HEK293 Flp In cells and wild type P2X7R expressing cells. It was important to
establish a protocol giving a high level of specific staining of wild type P2X7R as the
expression of P2X7R variant B was shown by Western blotting to be much lower than
that of wild type P2X7R. These conditions resulted in staining of both parental
HEK293 Flp In cells and wild type P2X7R expressing cells, meaning that these
conditions resulted in non-specific antibody binding. Therefore, the lower primary
antibody concentration was used for staining of parental HEK293 Flp In, wild type
P2X7R and P2X7R variant B expressing cells. Due to similar levels of staining seen
in the parental HEK293 Flp In cells as wild type P2X7R expressing cells, the
conditions tested for this antibody were not able to demonstrate surface expression of
P2X7R. The staining seen in HEK293 wild type P2X7R cells and HEK293 Flp In cells
was, however, higher than the staining seen in HEK293 P2X7R variant B expressing

cells, suggesting that these cells do not express functional P2X7R on the cell surface.
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As it was not possible to demonstrate surface expression of P2X7R variant B using
immunostaining, a plate-based assay for membrane depolarisation was established.
This assay has the advantage of being able to demonstrate whether receptor is

functional, as well as being cell surface expressed.
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Fig. 3.4 Western blotting and Immunostaining using an antibody to the

extracellular domain of the P2X7R. A) qPCR was performed in duplicate and analysed using
the AACt method, normalised to the housekeeping gene control, H36B4 and given relative to P2RX7
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expression in HEK293 Flp In cells. Data are presented as mean £ SEM. B) Cell lysates were run on a
4-20% SDS PAGE gel under reducing conditions and probed using an antibody to the extracellular
domain of the P2X7R (APROO0S, 1.6pg/ml). C) Immunostaining was performed using the extracellular
antibody described above at either 1:200 or 1:50 dilution. An example of P2X7R staining with the C-
terminus antibody (Sc-25698, 2ug/ml) is also included. Where cross-absorption of the antibody is
indicated (cross abs.), prior to P2X7R staining the antibody was pre-incubated with fixed HEK293 Flp-

in cells to remove any cross-reacting or non-specific antibodies.

3.2.5 Establishing a plate based membrane depolarisation assay to assess
ion channel activity of P2X7R and selected variants

The P2X7R is also capable of inducing membrane depolarisation, through formation
of an ion channel. Membrane depolarisation can therefore be used as a measure of
P2X7R activation and hence functional protein expression on the surface of the cell.
As an antibody for the extracellular domain of P2X7R was found to be unsuitable for
use in immunostaining, this assay can be used as an alternative to demonstrate
expression of the C-terminally truncated P2X7R variant B that has been reported to

have ion channel activity but not membrane pore activity (Adinolfi et al. 2010).

Membrane depolarisation can be measured using DiSBAC»(3) alone (Adinolfi et al.
2010), however, it is more sensitive when used in conjunction with FRET partner CC2-
DMPE (Hoffman et al. 2005). CC2-DMPE has a lipid domain, which allows its
insertion into the outer leaflet of the plasma membrane (Fig. 3.5). DiSBAC»(3) is
capable of translocating from the outer leaflet to the inner leaflet of the plasma
membrane. At resting potential, DISBAC(3) is present at the outer leaflet, causing
energy transfer from CC2-DMPE to DiSBAC»(3), and emission can be measured from
DiSBAC>(3). When cells become depolarised, DiSBAC2(3) moves to the inner leaflet
and energy transfer no longer occurs, so emission is measured from CC2-DMPE and
a drop in the emission from DiSBAC>(3) can be measured, indicating membrane

depolarisation of the cells.
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Fig. 3.5 FRET interaction between CC2-DMPE and DiSBAC2(3). At resting state,

both CC2-DMPE (blue circle, listed as CC2-DMPE FRET Donor) and DiSBAC2(3) (red circle, listed
of Oxonol FRET Acceptor) are present on the outer leaflet of the cell membrane, allowing a FRET
interaction to occur. When cells become depolarised, the DiSBAC2(3) moves to the inner leaflet of the
plasma membrane, so no FRET occurs and fluorescence from CC2-DMPE can be measured. Figure

adapted from Hoffmann et al, 2005.

3.2.6 Measuring changes in membrane potential using DiSBAC:(3)

Initially, membrane depolarisation measurements were done using DiSBAC»(3) alone,
essentially following previously published work (Adinolfi et al. 2010). High
extracellular K* concentrations are known to induce membrane depolarisation
therefore this was used as a positive control to ensure that the probe was capable of
indicating depolarisation. HEK293 cells stably expressing P2X7R were stimulated in
the presence of DiISBAC>(3) with 0.1mM BATP or 30mM KCI. In this experiment,
membrane depolarisation could be seen when 30mM KCI was injected (Fig. 3.6 A).
When 0.1mM BzATP was injected, membrane depolarisation could not be measured.
The level of fluorescence measured when KC1 was injected was low, and membrane
depolarisation in these conditions should be high. As BZATP induces a lower level of
depolarisation than KCl, and therefore a lower fluorescent signal from the probes, this
experimental set up was not sensitive enough to detect this. Intracellular Ca** was
measured using Fluo-4, a membrane permeable dye, where fluorescence occurs on
calcium binding to demonstrate that HEK293 P2X7R cells were capable of forming

an ion channel in response to either 0.5mM BzATP or 0.1mM BzATP, and membrane
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depolarisation should therefore be possible to measure (Fig. 3.6 B). As a more
sensitive assay was required, DiSBAC»(3) was used in conjunction with CC2-DMPE

in future experiments.
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Fig. 3.6 Membrane depolarisation measured in HEK293 P2X7R cells using

DiSBAC2(3). A) HEK293 cells stably expressing P2X7R were seeded in a 96 well plate at a density

of 5x10* cells/well. When cells reached 80% confluency, cells were washed in VSP-1 then incubated
in VSP-1 containing 10uM DiSBAC,(3) for 30 minutes. Cells were then stimulated with 0.1mM
BzATP or 30mM KCI and fluorescence was measured for 1000 seconds (excitation: 540-10, emission:
590-20nm). Each point is mean fluorescence from 4 wells £ SEM with the control curve (cells with no
KCI or BZATP added) subtracted. Representative of four independent experiments B) HEK293 cells
stably expressing P2X7R were seeded in a 96 well plate at a density of 5x10* per well. Once cells were
80% confluent, cells were loaded with Fluo-4 and stimulated with 0.1mM or 0.5mM BzATP.
Fluorescence was measured using the FLUOstar Omega (excitation 480nm, emission 520-10nm). The
well specific fluorescence was subtracted from the data, then the control curve was subtracted (cells
with H,O added, instead of BzZATP). Data are the mean of 8 wells + SEM, representative of two

experiments.

3.2.7 Measuring membrane depolarisation using DiSBAC2(3) and CC2
DMPE

As DiSBAC>(3) fluorescence measured at 590-20nm was not sensitive enough to
measure membrane depolarisation induced by 0.1mM BzATP, CC2-DMPE was used
in conjunction with DiSBAC»(3). To ensure that the correct filters were being used for
excitation and emission to give the maximum collection of the fluorescence, the
excitation and emission spectra were measured for both CC2-DMPE and DiSBAC»(3).

CC2-DMPE fluorescence excitation was found to be highest between 390nm and
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420nm, so the chosen excitation filter was 420-10nm (Fig. 3.7 A). CC2-DMPE
emission was found to peak at 460nm, so the chosen emission filter was 460-20nm.
The 460nm emission from CC2-DMPE is capable of exciting DiSBAC2(3) as it
overlaps at the low end of its excitation curve (Fig. 3.7 B). DiSBAC»(3) fluorescence
emission was found to peak at 560nm, therefore the 550-10nm filter was more
appropriate than the 590-20nm filter used previously (Fig. 3.7 B). The final filters used
were; excitation 420-10nm, emission 460-20nm and 550-10nm. Using these filters, an
initial test of membrane depolarisation showed that the combination of CC2-DMPE
and DiSBAC>(3) was sensitive enough to measure membrane depolarisation in
HEK293 P2X7R cells in response to KCl or BZATP (T-test KC1 vs control p>0.05,
BzATP vs control p=0.0251) (Fig. 3.7 C). Membrane depolarisation measured was
higher for BZATP than for KCl, although this was not a significant difference (T-test,
p>0.05). The response ratio measured was still modest, which could relate to the high
concentration of DiSBAC>(3) present extracellularly as the measurements were
performed in the presence of this fluorophore (in the medium). Fig. 3.7 D shows that
the increase in fluorescence from CC2-DMPE can be measured, but an expected
decrease in fluorescence from DiSBAC>(3) could not be detected. The high
extracellular DISBAC>(3) concentration could be giving a high background, masking
any change in signal from DiSBAC»(3) that has moved from the outer leaflet of the
plasma membrane to the inner leaflet. Therefore, different concentrations of

DiSBAC>(3) in the media were investigated next.
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Fig. 3.7 Measuring membrane depolarisation using CC2 DMPE and DiSBAC2(3).
A) and B) Excitation and emission spectra were measured using a fluorimeter to establish the correct
filters to gain the maximum signal from the cells. C) and D) HEK293 cells stably expressing P2X7R
were seeded at a density of 5x10* in a 96 well plate. Once cells were 80% confluent, they were pre-
loaded with 5uM CC2-DMPE for 30 minutes, then excess CC2-DMPE was removed and cells washed.
Cells were then pre-incubated with 10pM DiSBAC,(3) for 30 minutes in VSP-1. Cells were then
stimulated with either 0.1mM BzATP or 82mM KCI. Fluorescence was measured using the FLUOstar
omega (excitation 420-10nm, emission 460-20nm and 550-10nm). C) Shows the response ratio
calculated from 3 wells + SEM with blank (no cells) subtracted. Response ratio was calculated by taking
the mean of the first five baseline readings (0 to 5 seconds) and the mean of five post-stimulation
readings (29 to 35.5 seconds) for each well after baseline (no cells) subtraction. The initial ratio was
calculated by dividing the baseline mean reading at 460nm by baseline mean reading at 550nm and the
final ratio was calculated by dividing the post-stimulation mean reading at 460nm by the post-
stimulation mean reading at 550nm. The response ratio was then calculated by dividing the post-
stimulation ratio by the initial ratio and the mean of these values for each condition was calculated.
Representative of two independent experiments D) Shows membrane depolarisation curves as a mean
from 3 wells = SEM, with blank (no cells) subtracted. * t-test p<0.05.Representative of two independent

experiments.
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3.2.8 Effect of changing DiSBAC:(3) concentration on membrane
depolarisation measurements

As DiISBAC»(3) is present extracellularly at high concentration relative to the FRET
donor during the experiment, it is possible that this is masking the decrease in
fluorescence that should be observed as a consequence of changes in level of FRET
upon membrane depolarisation. Lower concentrations of DiSBAC»(3) were tested, to
see whether this allowed the decrease in fluorescence emission from the FRET
acceptor to be seen. 10uM DiSBAC>(3) was also included (concentration used
previously) and present during the experiment or washed out after the pre-incubation
step and replaced with fresh VSP-1 prior to the fluorescence measurements, to
establish whether DiSBAC»(3) is inserting into the plasma membrane at a sufficient
level to be able to indicate depolarisation. Removing the DiSBACx(3) from the cell
supernatant may then allow this change in fluorescence to be seen, as the excess
DiSBAC>(3) would not be present to mask the signal. The increase in fluorescence
from CC2-DMPE could be measured in all of the conditions tested (Fig. 3.8 A),
however the decrease in fluorescence from DiSBAC»(3) was not measurable at any of
the DiSBAC>(3) concentrations used (Fig. 3.8 B). Fig. 3.8 C shows that reducing
DiSBAC>(3) concentration does not significantly alter the response ratio measured (T-
test p>0.05), except at 2uM DiSBAC»(3) (T-test p=0.0192). However, 10uM
DiSBAC,(3) will continue to be used, as the manufacturer recommends, and different

quenchers will be investigated.
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Fig. 3.8 Effect of different DiSBAC2(3) concentrations on membrane

depolarisation measurements. Membrane depolarisation experiments were performed as

outlined in fig. 3.7 C, using the following DiSBAC»(3) concentrations: 10uM, 2uM or 0.4uM as
indicated. For one of these conditions (10uM DiSBAC,(3) wash out), after the 30 minute incubation
the DISBAC,(3) was washed out and replaced with fresh VSP-1 without DiSBAC,(3). A) shows
fluorescence emission at 460-20nm (emission from CC2-DMPE) for KCI treated cells. B) shows
fluorescence emission at 550-10nm (emission from DiSBAC,(3)) for KCl treated cells. Data are the
mean fluorescence of 3 wells £ SEM with control curve (no cells) subtracted. C) shows response ratios
calculated as described in fig. 3.7 C. Data are mean fluorescence of 3 wells + SEM. Control (H,O)
response ratio shown in striped bars and 82mM KClI response ratio shown in solid bars. Significance
was determined by t-test, n.s. indicates not significant (P>0.05), * indicates p<0.05. Experiment

performed once.
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3.2.9 Effect of different quenchers on membrane depolarisation
measurements

As changing the concentration of DiSBAC>(3) did not yield the desired result,
different quenchers were tested to suppress solution-derived DiSBAC>(3)
fluorescence. The quenchers selected were ESS-2 (40mM tartrazine, 60mM acid red
37, 40mM acid fuchsin, 2% of this solution added to each well), individual
components of ESS -2; 60mM acid red 37, 40mM acid fuchsin or 40mM tartrazine
(2% of each of these solutions added to each well), and 0.08% bromophenol blue (final
concentration in the well) (Knapp et al. 2001). Cell experiments were conducted as in
previous section. Fig. 3.9 A demonstrates that the increase in fluorescence from CC2-
DMPE can be seen in all conditions, however Fig. 3.9 B demonstrates that the decrease
in fluorescence from DiSBAC>(3) cannot be measured in any of these conditions.
Calculation of response ratios showed that inclusion of tartrazine improved the
membrane depolarisation measurements in comparison to control more than the other
quenchers (T-test p=0.002 KCl vs H>O treated cells in the presence of tartrazine,
p=0.0223 in the absence of any quencher, p=0.0367 in the presence of bromophenol
blue and p=0.0309 in the presence of acid fuchsin, p>0.05 in the presence of ESS2 and
acid red 37) (Fig. 3.9 C). Therefore, different concentrations of tartrazine were tested
to optimise the concentration for quenching the undesired signal. Tartrazine at a final
concentration of 1.2mM (2% of 60mM tartrazine in each well) was found to have the
most beneficial effect on the membrane depolarisation measurements (T-test p<0.0001
KCI vs H20 treated cells in the presence of 1.2mM tartrazine) (Fig. 3.9 D). In the
presence of 1.2mM tartrazine, when BzZATP was applied, it was possible to measure a
significant response (T-test p=0.0055). The response measured when 82mM KCI was
applied was higher than the response measured when 0.1mM BzATP was used, as
expected (T-test, p=0.00655 KCl vs BZATP treated cells, p=0.0029 KCl vs H>O treated
cells in the presence of 1.2mM tartrazine) (Fig. 3.9 E). In future experiments, 10pM
DiSBAC>(3) and 1.2mM tartrazine was used.
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measurements. Membrane depolarisation experiments were performed as outlined in fig. 3.7 C. For

the final 5 minutes of the 30 minute incubation with DiSBAC,(3), quenchers were added at the

following final concentrations; ESS-2 (60mM acid red 37, 40mM tartrazine and 40mM acid fuchsin,
2% in each well), 60mM acid red (2% in each well), 0.08% bromophenol blue, 40mM acid fuchsin (2%
in each well) and 40mM tartrazine (2% in each well) or 2mM, 1.6mM, 1.2mM, 0.8mM tartrazine (final

concentrations in each well). A) shows fluorescence emission at 460-20nm (emission from CC2-

DMPE) for KCI treated cells with blank (no cells) subtracted, data are the mean of 2 wells + SD. B)
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shows fluorescence emission at 550-10nm (emission from DisBAC,(3)) for KCl treated cells with blank
(no cells) subtracted, data are the mean of 2 wells + SD. Experiment performed once. C) shows response
ratio = SD calculated as in fig. 3.7 C in the presence of quenchers. D) Tartrazine was added for the final
5 minutes of the DiSBAC,(3) at the indicated concentrations (final concentration in each well) and
response ratios £ SD calculated as in fig. 3.7 C. Experiment performed once. E) Membrane
depolarisation was measured in the presence of 1.2mM tartrazine in response to 82mM KCI or 0.1mM
BzATP and response ratios + SD calculated as in fig. 3.7 C. T-test performed to determine significance,

*p<0.05, **p<0.005, ***p<0.001, n.s. not significant. Representative of two repeat experiments.

3.2.10 Assessing the presence and functionality of P2X7R variant B on the
cell surface

It has been reported previously that P2X7R variant B is capable of ion transport on
ligand binding (Adinolfi et al. 2010), so the plate-based membrane depolarisation
assay established here could be used to confirm the presence of the receptor on the cell
surface. Using stable cell lines of wild type P2X7R or P2X7R variant B, membrane
depolarisation could be detected in response to KCI in both cell lines (wild-type
P2X7R t-test p=0.009, P2X7R variant B t-test p=0.0133 ) (Fig. 3.10 A). This indicated
that the cells were capable of depolarisation and the assay was working correctly for
both cell lines. A response to 0.1mM BzATP could be detected in the wild type P2X7R
expressing cells (T-test p=0.0129, but not in the cells expressing P2X7R variant B (T-
test p>0.05), although this response was not found to reach significance in all
experiments (Fig. 3.10 A and C). This indicates that P2X7R variant B may not be
expressed at the surface of the cells or not expressed at sufficient levels to depolarise

the cell.

To exclude adaptive changes of the cells to transgene overexpression, the wild type
P2X7R and P2X7R variant B were transiently transfected into the HEK293 Flp In cell
line to assess whether P2X7R variant B could be expressed at a higher level under
these conditions. Western blotting demonstrated that P2X7R variant B was expressed
at a similar level to wild type when transient transfection was performed (Fig. 3.10 B).
For membrane potential measurements, cells were transiently transfected with P2X7R
variant B or wild type P2X7R and expression was allowed to continue for 24, 36 and
48 hours prior to conducting the analysis. Results were compared to the HEK293
parental Flp In cell line and wild type P2X7R expressing stable cell line. All cell lines
responded to KCI. As expected, HEK293 parental Flp In cells did not respond to
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BzATP and membrane depolarisation was seen in wild type P2X7R expressing cells
(stable cell lines). Transient transfections of wild type P2X7R showed a response but
this did not reach significance when 0.1mM BzATP was applied (T-test p>0.05). This
highlights that variability introduced by transient transfection is not conducive to these
measurements due to a lack of sufficient sensitivity. Cells transiently transfected with
P2X7R variant B also did not respond to 0.1mM BzATP (T-test p>0.05), suggesting
that P2X7R variant B is not present on the cell surface or if present, is not functional
(Fig. 3.10 C).
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Fig. 3.10 Assessing membrane depolarisation of cells expressing wild type P2X7R

and P2X7R variant B. A) Membrane depolarisation experiments were performed as described in
Fig. 3.9 E. The response ratio was calculated and is shown as the mean of 3 wells £+ SEM. Representative
of two independent experiments B) HEK293 Flp In cells were seeded at a density of 1.2x10° cells/well
in a 24 well plate. After 24 hours, cells were transfected with plasmids for expression of wild-type
P2X7R or P2X7R variant B. Western blotting was performed as in Fig. 3.4 A, using the extracellular
antibody for P2X7R (APR00S). C) Parental HEK293 Flp In cells or HEK293 cells stably expressing
wild type P2X7R were seeded at a density of 2x10* cells/well in a 96 well plate. Cells were transfected
to transiently express wild type P2X7R or P2X7R variant B where indicated, and membrane
depolarisation experiments were performed 24, 36 or 48 hours later, as described in Fig. 3.9 E. Response
ratio was calculated and is shown as the mean of 2 wells = SD. Experiment performed once. Data were

analysed using T-test, *p<0.05, **p<0.005, ***p<0.001, n.s. not significant.
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3.2.11 P2X7R P*'L and A3®T variants: impact of mutations on membrane
pore formation and TG2 secretion

As pannexin-1 does not seem to be involved in membrane pore formation or TG2
secretion by P2X7R in the HEK293 cell system, mutations expected to affect pore
formation were introduced into the P2X7R. The A3®T mutation was identified in
human genomic screening and has been shown to result in enhanced membrane pore
activity (Stokes et al. 2010). The P4'L mutation was identified in the mouse P2X7R
and has been shown to give a receptor incapable of pore formation (Adriouch et al.
2002). As there is a high degree of homology between the human and mouse P2X7R
in the respective sequence motif (Fig. 3.3), it was expected that the P#'L mutation
would have a similar effect on pore formation in the human receptor as seen in the
mouse receptor. These amino acid exchanges were introduced into the P2X7R
expression plasmid using site directed mutagenesis and stable cell lines were
established, using the HEK293 Flp In cells and co-transfection with Cre for site-
specific DNA integration.

Western blotting was used to demonstrate P2X7R expression and assess total protein
levels (Fig. 3.4 A and Fig. 3.11 A). The parental HEK293 Flp-In cell line does not
express P2X7R. Both P2X7R AT and P2X7R P#'L were expressed at a similar level
to wild-type P2X7R. To confirm that the P2X7R variants were present at the cell
membrane, immunostaining was performed using the specific P2X7R antibody to the
intracellular C-terminus (Sc-25698). Both P2X7R mutants were expressed at the cell
surface, as was the wild-type P2X7R (Fig. 3.11 B). Parental HEK293 Flp In cells show
very little (background) staining, indicating that the cell surface staining seen in
transfected cells is specific to P2X7R. The antibody used for staining is directed to the
C-terminus of the P2X7R, which P2X7R variant B is lacking, therefore staining was

not possible for this receptor variant.
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Fig. 3.11 Demonstrating overall and cell surface expression of P2X7R in HEK293

cells. A) Western blotting was performed as described in Fig. 3.4 A, but using the anti-P2X7R C-

terminus antibody (Sc-25698, 1ug/ml). B) HEK293 Flp-In, wild-type P2X7R, P2X7R A348T and
P2X7R P451L cells were seeded at a density of 1x104 cells into separate wells of a chamber slide in
DMEM containing 10% FBS and allowed to grow for 1 day. Cells were fixed with 4%
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paraformaldehyde and permeabilised with 0.1% triton-X-100. Primary antibody (anti-P2X7R C-
terminus, Sc-25698, 2 pg/ml) binding was detected using fluorescently labelled secondary antibody
(AlexaFluor 488). Coverslips were mounted using Vectashield with DAPI (Vector Laboratories) to
stain the nuclei. Cells were imaged using a Leica confocal microscope with the 63x/1.4 NA oil
objective. AlexaFluor 488 excitation is at 458nm (using the argon ion laser) and emission captured at
494-535nm. DAPI nuclear stain can be visualized by excitation at 405nm (using the 405nm diode laser)

and emission collected at 430-512nm. Images are representative of three independent experiments.

3.2.12 Characterising the properties of P2X7R variants AT and P*'L

To assess functionality of the mutant receptors, P2X7R A3*¥T and P2X7R P¥IL,
calcium flux was measured using Fluo-4, as described previously. P2X7R cells were
stimulated with 0.lmM BzATP and change in fluorescence measured. The calcium
response measured in wild-type P2X7R and P2X7R P#'L cells is comparable (T-test
p>0.05), indicating that this mutation does not have a significant effect on calcium
flux in the cells (Fig. 3.12 A). The calcium response in P2X7R A3*8T expressing cells
appears increased in comparison to wild-type P2X7R, although this was not found to
be significant (T-test p>0.05). Analysis of the rate of this response shows that the k’
(apparent rate constant) for wild type P2X7R, P2X7R A3®¥T and P2X7R P#!L fall
within the 95% confidence intervals (Fig. 3.12 B). Therefore, the calcium response is
not substantially changed in these cells. The slight increase in response rate in P2X7R
AT cells may also relate to a slight elevation in the amount of P2X7R expressed
(3.11 A). Taken together these data show that functional receptor is present in all three
cell lines and that agonist treatment induces a robust ion channel response with both

variant receptors.
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Fig. 3.12 Calcium response in P2X7R variant expressing cells. To measure intracellular

calcium, HEK293 P2X7R cells were seeded at a density of 5x10* per well in a 96 well plate. After 48
hours cells were pre-loaded with 3uM Fluo-4, then stimulated with 0.1mM BzATP. Fluo-4 fluorescence
was measured using the FLUOstar Omega (excitation: 480-10nm and emission: 520-10nm). A) Data
were normalised for baseline fluorescence, then the control curve (H2O treated cells, instead of BZATP)
was subtracted. Data are the mean of eight repeats, representative of two experiments = SEM. B) Rate
of calcium uptake by the cells was calculated using the 10s immediately after BZATP injection and data
fitted assuming pseudo first order kinetics and using the following equation: Y=(Ymax-Ymax*exp(-

k**x))+. Values given as rate per second (k’ (s™') where k’=k*[P2X7R]. f represents a constant.

To investigate membrane pore forming properties of the P2X7R variants, YO PRO-1
uptake was measured as before. Surprisingly, the P2X7R P451L mutant gives pore
formation comparable to wild-type P2X7R (Fig. 3.13 A). The P2X7R A348T mutant
shows enhanced membrane pore forming properties, in comparison to the wild-type
P2X7R (Fig. 3.13 A). At 0.04mM BzATP, activation of P2X7R A348T is seen. In
contrast, the wild type P2X7R shows minimal YO PRO-1 uptake when stimulated
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with 0.04mM BzATP, as does P2X7R P#!L (Fig. 3.13 B). Analysis of the rate of YO
PRO-1 uptake at different BZATP concentrations indicates that the apparent ligand
binding activity of P2X7R A3#®T is unchanged in comparison to wild type P2X7R and
P2X7R P#IL (P2X7R AT Kp 60 + 10uM, P2X7R PH'L Kp 70 + 10uM) (Fig. 3.13
C). Taken together, these data show that P2X7R P#'L behaves like wild type P2X7R,
whereas the P2X7R A3*T has a potentiated response but unchanged ligand affinity.
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Fig. 3.13 Characterising P2X7R membrane pore forming properties by

measuring YO PRO-1 uptake. A) To measure pore formation, YO PRO-1 uptake was used.
HEK293 cells expressing wild type or mutant P2X7R were seeded in a 96 well plate at a density of
3x10* cells/well. Once cells were 80% confluent, 1uM YO PRO-1 in PSS was added to the cells, and
cells were stimulated with 0.1mM BzATP. YO PRO-1 uptake was measured (excitation 480nm,
emission 520nm) for 1 hour. Each point is the mean of three wells, £+ SEM. Graphs are representative
of three independent experiments. B) YO PRO-1 uptake performed as in A), with cells stimulated with
0.04mM BzATP. C) YO PRO-1 uptake was performed as in A), with cells stimulated with 0.01mM,
0.02mM, 0.04mM, 0.08mM and 0.1mM BzATP. Linear regression analysis was performed using the
initial response (from 700 to 1600 seconds) to determine the YO PRO-1 uptake rate which was then
plotted against the concentration of BZATP and Kp determined by fitting the data with sigmoidal dose-

response curve.
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3.2.13 Is TG2 Secretion altered in P2X7R AT or P*'L expressing cells?

TG2 presence in the media of cell lines expressing wild type or mutant P2X7R, with
and without stimulation of the P2X7R, was analysed by Western blotting. The P2X7R
was stimulated using 0.1mM BzATP and conditioned media collected both after 10
min of stimulation and after an additional 30 min chase period without agonist (3.14
A). The P2X7R A3®T expressing cells showed a significant increase in TG2 secretion,
correlating with the increase in membrane pore formation. This was evident already
within the 10 min stimulation period, suggesting faster kinetics. The P2X7R P#!L
expressing cells showed a similar level of TG2 secretion to the wild-type receptor
expressing cells consistent with the two receptors having comparable pore formation
activity. There was a lack of TG2 secretion from P2X7R variant B expressing cells,
however this could be due to a lack of cell surface expression of the respective receptor
variant, as already discussed in detail in section 3.2.10. Densitometry analysis of TG2
in the media from 3 experiments confirms the increase in TG2 secretion when the

P2X7R A3®T is compared to wild type P2X7R (Fig. 3.14 B).
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Fig. 3.14 TG2 secretion by P2X7R variant expressing cells. HEK293 cells expressing

Var B|
Var B|

P2X7R variants were seeded at a density of 1.2x10° cells/well in a 24 well plate. After 24 hours, cells
were transfected with TG2. After a further 48 hours, cells were stimulated with 0.1mM BzATP in
OptiMEM for 10 minutes and conditioned media collected (pulse). Fresh OptiMEM was applied for a
further 30 minutes, without BZATP and conditioned media were collected (chase). At the end of the
experiment, cells were lysed with cell extraction buffer to assess levels of TG2 in cells (cell lysate).
150ul concentrated conditioned media or 10pg of total cell lysate protein were run on a 4-20% SDS
PAGE gel under reducing conditions and Western blotting performed using anti-TG2 antibody
(CUB7402, 200ng/ml) and anti-B-tubulin antibody (TUB2.1, 2.6pg/ml). A) Western blot is

representative of five experiments. B) Densitometry performed on three TG2 release experiments. Data
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shown are mean £+ SD. Significance was determined using repeated measures ANOVA followed by

Tukey’s post-hoc test, *p<0.05.

3.3 Discussion

The work performed in this chapter aimed to investigate the role of membrane pore
formation in response to P2X7R activation in externalisation of TG2. This included
assessing the involvement of pannexin-1 in pore formation and the use of P2X7R
mutants in an attempt to dissect various activities of the receptor. Pore formation itself
was monitored using YO PRO-1 uptake and TG2 secretion was assessed by Western
blotting. This work demonstrates that pore formation in HEK293 cells does not
involve pannexin-1. Other groups have also found that pannexin-1 is not involved in
pore formation in HEK293 cells (Browne et al. 2013; Sun et al. 2013). However, it
has also been reported that HEK293 cells require pannexin-1 to form pores (Pelegrin
and Surprenant 2006). As it is possible that multiple mechanisms exist that could
account for membrane pore formation by P2X7R, I have analysed membrane pore
formation in response to different agonist concentrations and also used two
mechanistically different ways to inhibit pannexin-1. Furthermore, TG2 secretion
could occur through a pannexin-1 channel, despite YO PRO-1 uptake being
unaffected. I therefore tested whether TG2 secretion occurred in the presence of
pannexin-1 inhibitors, and found this was also unaffected. Taken together, our
evidence suggests that pannexin-1 is not involved in pore formation or TG2 secretion

by P2X7R (Adamczyk et al. 2015).

To further investigate the mechanism of pore formation in these cells, P2X7R variants
were generated. These included a truncated version of the P2X7R, P2X7R splice
variant B, lacking the final 249 amino acids of the C-terminus due to the inclusion of
an intron between exons 10 and 11, which introduces a premature stop codon. The C-
terminus of the P2X7R has been shown to be important for cell surface expression of
the receptor. Smart et al (2003) demonstrated that truncation of the C-terminus of the
rat receptor between residues 551 and 581 prevents ethidium ion uptake (a measure of
membrane pore formation), as well as ion channel function and cell surface
expression. This group also found that truncated receptors with wild type-like pore
formation and ion channel activity had similar levels of expression to the wild type

receptor. Whereas when these functions were lost, the respective truncated receptors
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showed no cell surface expression. However, a truncation at position 380 allowed the
receptor to still function as an ion channel but not to form membrane pores, therefore
it was concluded that (95% of) the C-terminus was required for pore formation (Smart
et al. 2003). The P2X7R variant B used here is a naturally occurring human splice
variant. Adinolfi et al (2010) reported cell surface expression of this variant by
immunostaining and showed it responded to BzATP treatment by membrane
depolarisation and Ca?" influx, but not ethidium ion uptake (Adinolfi et al. 2010). As
I was unable to find an antibody able to give specific P2X7R binding by
immunolabelling of cells, other than one generated to an epitope in the C-terminus, I
used membrane depolarisation to establish whether the receptor was expressed on the
cell surface and functional. I was unable to measure a change in membrane potential
in response to BZATP stimulation, despite using a more sensitive probe than Adinolfi
et al, suggesting that P2X7R variant B was not expressed on the cell surface or not
functional. qPCR demonstrated that RNA levels of P2X7R variant B were comparable
to wild-type receptor, and Western blotting showed much reduced levels of protein.
As transient expression, similar to stable expression, of P2X7R variant B did not yield
functional cell surface receptor, it is not due to negative selection. This suggests that
receptor protein in the cell is degraded, possibly due to trafficking or folding issues. I
was also unable to detect an increase in TG2 in the conditioned media of P2X7R
variant B expressing HEK293 cells stimulated with BZATP, however this may be due
to a lack of surface expression of the truncated receptor, not due to the effect of
truncation on larger-membrane pore formation. My finding that this truncated P2X7R
variant was not expressed at significant levels by HEK293 cells or displayed
demonstrable activity is consistent with the work outlined above by Smart et al (2003),
as P2X7R variant B lacks the majority of the C-terminus, including the region between

551 and 558, thought to be vital for cell surface expression of the receptor.

Expression levels of the AT and P*'L P2X7R variants was demonstrated by
Western blotting to be similar to wild type P2X7R and both variants were found on
the cell surface by immunolabelling. P2X7R P#'L cells show similar calcium uptake
to wild type P2X7R expressing cells, suggesting that ion channel function in this
mutant is unaffected. P2X7R A3*T however shows an increase in calcium uptake rate
in response to BZATP, suggesting that the ion channel has increased activity. Analysis

of the ligand binding to P2X7R showed that this was unchanged in P2X7R A34T,
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suggesting that the increase in ion channel activity may be due to the state of channel
dilation. The A3®T variant also shows enhanced pore formation. The P#'L variant
shows pore formation similar to wild type P2X7R, which was unexpected. The P4'L
mutation was identified in mouse (Adriouch et al. 2002) where a genomic screen
showed that mice with L*3! show reduced pain sensitivity in comparison to mice with
P41 (Sorge et al. 2012). The authors of this study were able to demonstrate that this
was due to a lack of membrane pore formation by this variant. As there is a high degree
of homology between the mouse and the human P2X7R and conservation of the
respective sequence motif (Fig. 3.15), this mutation was expected to have similar
consequences in the mouse and human receptor. However, in our cell model membrane
pore formation of the human receptor was unaffected. This highlights that even though
the receptors in these two species are very similar, there are some mechanistic
differences in membrane pore formation between human and mouse. Sorge et al
(2012) also found that inhibition of pannexin-1 in mice expressing the P4! receptor
prevented pore formation (Sorge et al. 2012). As I did not see any involvement of
pannexin-1 in pore formation in HEK293 cells expressing wild type P2X7R, it is
possible that I don’t see any change in pore formation because the P#! is involved in
an interaction with pannexin-1 in mouse macrophages that does not occur in the cells
I was using. This could indicate that different pathways are involved either because of
species or cell type. However, it has also been shown that pannexin-1 deficient

macrophages are competent in P2X7R-dependent IL-1 secretion (Qu ef al. 2011).
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Fig. 3.10 Alignment of the mouse and human P2X7R with human P2X4R.

Alignment of the P2X7R amino acid sequence with the P2X4R sequence highlights the overall
homology but differences with regards to the C-terminus. The position of the P451L and A348T
mutations are shown in red. The P451L mutation lies within an SH3 domain binding motif (highlighted

in blue). The C-terminal sequence of the truncated P2X7R variant B differs after transmembrane 2
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domain, highlighted in red. Green regions are those thought to be involved in the internalisation and

recycling of the receptor (Costa-Junior et al. 2011).

In line with the receptor properties with regards to pore formation, the P2X7R A34T
variant shows enhanced TG2 secretion and the secretion of TG2 by P2X7R P#!L is
unchanged from wild type P2X7R. These findings, along with our previous work
demonstrating that TG2 secretion is not linked to P2X7R ion channel formation or
microvesicle release implicate the pore of the P2X7R in TG2 secretion (Adamczyk et
al. 2015). The hyperactivity of P2X7R A**T does not relate to a decreased threshold
of agonist concentration required to induce pore formation and may instead relate to
the size of the ion channel and membrane pore formed by this receptor variant. Sun et
al (2003) have suggested that binding of individual molecules of ATP to the P2X7R
gradually changes the conformation of the P2X7R to open an ion channel once two
ATP molecules have bound and full receptor activation and pore formation occurring
once three ATP molecules bind (Sun ez al. 2013). It is possible that the A***T mutation
distorts the receptor so that two molecules of ATP binding leads to formation of a
larger ion channel and full receptor occupancy by ATP leads to formation of a larger
membrane pore than seen in wild type P2X7R. This would support the ion channel
dilation theory of P2X7R activation being responsible for larger membrane pore
formation. This theory is supported by data demonstrating that the G3**°C mutant in the
second transmembrane domain can be used to block pore formation, using cysteine-
reactive compounds which act to block the channel formed by P2X7R (Browne et al.

2013).

In summary, our data from our previous publication (Adamczyk et al. 2015) and this
thesis show that TG2 release involves the membrane pore formed upon P2X7R
activation. It remains to be shown whether membrane translocation occurs via this
pore or whether the pore transmits a signal that leads to enzyme export. I have shown
that the pore formed in this HEK293 cell model does not require pannexin-1
hemichannel activity and is therefore likely to involve P2X7R itself and be formed by
higher order receptor oligomers or large conformational changes, or both. However, 1
can also not entirely exclude an interaction with another as yet unidentified membrane

channel.
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Chapter 4
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4. Is there a link between regulation of conformational changes in
TG2 that control enzymatic activity and TG2 secretion?

4.1. Introduction

Activity of several TGs including TG2 is under allosteric regulation by Ca®>" and GTP
(Liu et al. 2002; Ahvazi et al. 2003; Begg et al. 2006a). Intracellularly there are high
levels of GTP (100-200uM) and low levels of Ca?" (<1uM), which causes TG2 to
adopt a GTP-induced closed conformation (Fig. 4.1), inactivating transglutaminase
activity (Liu et al. 2002). If the cell becomes compromised, a rise in intracellular Ca?*
can lead to Ca?" binding to TG2 and a switch to the open conformation, activating
transglutaminase activity (Pinkas et al. 2007). TG2 is also likely to be active
extracellularly under normal circumstances due to the high Ca?" concentrations (1.5-
2.5mM) and low GTP concentrations, favouring Ca?* binding. Having established that
TG2 was secreted on P2X7R activation, I was interested in assessing whether the GTP
binding ability of TG2 was required for this mechanism of secretion. TG2 unable to
bind GTP has previously been shown to not be secreted via other pathways, as
discussed in this chapter, therefore it was important to investigate this in the context

of P2X7R activation.
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‘Open’

‘Closed’

Fig. 4.1 Ca?>" and GTP bound conformations of TG2. Inside the cell there is a higher level
of GTP, so TG2 is in the closed conformation. Outside the cell there is a higher level of Ca** and TG2

is in the open conformation. Structural representations of TG2 were created based on x-ray structures:

1KV3C, 2Q3ZA (Reproduced from Professor Daniel Aeschlimann).

The GTP binding site of TG2 is located at the interface of the f-barrel 1 domain and
the catalytic core domain (Liu et al. 2002; Jang et al. 2014). Within the B-barrel 1
domain, amino acids 476 to 472 and 580 to 583 have been shown to be important for
GTP binding, through both resolution of an x-ray crystal structure of GDP-bound TG2
(Liu et al. 2002) and GTP-bound TG2 (Jang ef al. 2014) and a mutation based
approach (lismaa et al. 2000; Begg et al. 2006b). It has also been demonstrated that
K!73 and F!7* in the core domain are required for GTP binding (Liu ef al. 2002). These
approaches were able to delineate the roles of specific residues in GTP binding. The
x-ray crystal structure demonstrated that R3® forms two ion pairs with the a- and B-
phosphates of GTP (Fig. 4.2), stabilising the interaction with GTP (Jang ef al. 2014).
R#7® and V#7° main chains are also positioned near the B-phosphate of GDP, with a
hydrogen bond formed with V47 (Liu ef al. 2002). V47°, along with F'74, M483, .38
and Y% form a hydrophobic pocket, within which the guanine base sits (Liu et al.
2002). The F'7* may also stabilise the interaction by forming aromatic stacking
interactions with the guanine ring (Fig. 4.2) (Liu ef al. 2002). K!7* and R*’® form a

positively charged area to stabilise the negative charges on the y-phosphate during
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hydrolysis, and H>O hydrogen bonded to either of these residue side chains may act
as the nucleophilic attacking group in GTP hydrolysis (Liu et al. 2002).

In the closed conformation, the access of the GIn donor substrate to the active site is
blocked. This has become apparent through the position of several loops of the B-barrel
1 domain in the GDP/GTP-bound TG2 structure (Liu et al. 2002; Jang et al. 2014). A
loop connecting the third and fourth B-strands and another loop connecting the fifth
and sixth B-strands are positioned to block access to the active site (Liu ez al. 2002).
The first loop contains a tyrosine residue (Y>'®) which can form a hydrogen bond with
the active site cysteine (C?’7) (Liu et al. 2002; Begg et al. 2006b). This prevents C>7’
from participating in reactions, indicating that Y>'® must move to make the active site
accessible to substrates (Liu ef al. 2002). Therefore, GTP binding does not only block
access of the substrate to the active site due to conformational constraints, but also

Inactivates an essential active site residue.

The GTP bound form of TG2 has been demonstrated to have important activities both
physiologically and pathologically, for example in osteoarthritis and cancer (Johnson
and Terkeltaub 2005; Tee et al. 2010). In cancer, a splice variant of TG2 (TG2-S),
lacking 149 amino acids present on the C-terminus of full length TG2 (TG2-L), but
with 10 alternative amino acids at the C-terminus was found to have protective effects
against cancer (Tee et al 2010). TG2-S was found to have much reduced
transamidation activity, as well as being unable to bind GTP, where TG2-L is capable
of GTP binding. TG2-L bound to GTP contributed to resistance to certain cancer
therapeutics (Antonyak et al. 2006; Tee et al. 2010). This therefore presents inhibitors
of GTP binding or TG2 activating agents as possible cancer therapies (Tee ez al. 2010).

To investigate the role of GTP binding by TG2 in osteoarthritis, Johnson and
Terkeltaub (2005) transfected wild type TG2 and different mutant forms of TG2 into
chondrocytes. Wild type TG2 was capable of inducing chondrocyte hypertrophy,
indicated by an increase in type X collagen expression and matrix calcification
(Johnson and Terkeltaub 2005). This was found to be dependent on TG2 interaction
with Bl integrin, which would induce intracellular signalling events within the
chondrocyte, in particular through p38 mitogen activated protein kinase, shown to be
involved in chondrocyte hypertrophy in vitro (Johnson and Terkeltaub 2005). The GTP

binding mutant K'73L, however, was found to have a decreased capacity to induce p38
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phosphorylation and therefore chondrocyte hypertrophy, but still showed similar
transamidation activity to wild type TG2 (Johnson and Terkeltaub 2005). These data
suggest that GTP binding by TG2 is important for chondrocyte hypertrophy. It is
possible that GTP bound TG2 can interact differently with cell surface receptors or
extracellular matrix components, altering the interaction with chondrocytes (Johnson
and Terkeltaub 2005). This indicates a role for extracellular GTP-bound TG2 in
important biological processes, independent of transamidation activity. The GTP-
bound TG2 conformation may indeed be stabilised by interaction with heparin at the

cell surface (Scarpellini et al. 2009).

Given the critical role nucleotides play not only in regulating TG2 conformation but
also in its biological function it is essential to understand how nucleotide binding or
exchange relates to a possible export mechanism. Furthermore, despite extracellular
TG2 being likely to be in the open conformation due to Ca?" binding, TG2 has been
found to be abundantly present in an inactive form extracellularly (Stamnaes et al.
2010). TG2 has been demonstrated to be inactivated by the formation of a disulphide
bond between neighbouring cysteine residues in the oxidising extracellular
environment (Stamnaes et al. 2010). A disulphide bond forms initially between C?3°
and C37° (Ca?*-bound enzyme), which then facilitates formation of a disulphide bond
between C37 and C37!, inactivating the enzyme (Stamnaes et al. 2010). This disulphide
bond has been shown to be reduced by thioredoxin-1, reactivating TG2 (Jin et al.
2011). This gives a second regulatory step for TG2 activation, whereby the large
quantity of extracellular TG2 is apparently regulated by thioredoxin-1 externalisation

(Jin et al. 2011).

Thioredoxin-1 is a redox protein, which is ubiquitously expressed and can act as a
protein chaperone (Armer and Holmgren 2000). Thioredoxin-1 has roles in modulation
of the immune system (being important for activation of defensins), as well as redox
roles in regulation of transcription factors (e.g NFxB) and regulating apoptosis (Arner
and Holmgren 2000). Thioredoxin-1 can act extracellularly, for example, in the
immune system it can act as a chemokine, causing migration of neutrophils,
monocytes and T-cells (Bertini et al. 1999). The mechanism of thioredoxin-1 release
from cells is unconventional as it has been shown that thioredoxin-1 is not released

through the classical ER/Golgi secretory pathway, and similarly to TG2 lacks a leader
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sequence (Rubartelli er al. 1992). Initially, it was suggested that thioredoxin-1
secretion had similar features to IL-1P secretion; however, it was later found not to be
associated with membrane bound particles released from cells, thereby differing from
I1-1B secretion (Rubartelli et al. 1992). In parallel with our work (Adamczyk et al.
2015), it was recently found that thioredoxin-1 could be secreted through activation of
the P2X7R in mouse bone marrow macrophages, not requiring inflammasome
activation, however the precise mechanism of protein export remains unknown
(Rothmeier et al. 2015). Given the similarity in regulation of thioredoxin-1 secretion
to TG2 secretion, it is possible that it is secreted through the same pathway as TG2.
As thioredoxin-1 has a role in TG2 activation extracellularly and is a known chaperone
protein, it is also possible that it also has a functional role during protein secretion per

se.

The work presented in this chapter assesses the involvement of GTP binding to TG2
in its secretion through the pathway regulated by P2X7R. I was also investigating here
the potential co-release of thioredoxin-1 through this pathway and a possible
functional role for thioredoxin-1 in TG2 secretion. These data are a step towards a

mechanistic understanding of the export process.

Aims for this chapter:

1. To assess secretion of TG2 GTP binding variants in response to activation of
P2X7R.

2. To analyse TG2 variants for changes in enzymatic activity by assessing
transamidation activity and its regulation by GTP.

3. To investigate the effect of inhibitors of different functions of P2X7R on the
secretion of thioredoxin-1.

4. To evaluate a potential functional role for thioredoxin-1 in this pathway of TG2

secretion by application of thioredoxin-1 inhibitors.
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4.2. Results

4.2.1. Is TG2 externalisation regulated by the conformational change
induced upon GTP binding or by GTP hydrolysis?

The mutations shown in the structural model of TG2 in fig. 4.2 were selected for
analysing the requirement of GTP binding to TG2 for its secretion. Four mutants were
generated for these studies, K'3N, K!73L, K!7*N/F!74D and R3¥A. K!73 participates in
hydrogen bonding to stabilise the interaction with the y-phosphate of GTP and may
also participate in GTP hydrolysis by stabilising an intermediate state (lismaa et al.
2000; Liu et al. 2002). Therefore, mutations K!”3L and K!7*N at this position were
chosen as they were likely to have an effect on GTP hydrolysis, with TG2 still likely
to be capable of GTP binding, K!7*N being a more conservative amino acid exchange,
whereas K!7*L removes the ability for hydrogen bonding to GTP entirely. F!7# forms
part of the hydrophobic pocket for the guanine base and can stabilise the interaction
through aromatic stacking interactions. Mutation F!7#D is therefore likely to be
disruptive for binding of GTP to TG2, as it lacks the aromatic ring and introduces a
negative charge. Finally, R3® interacts with the a- and B- phosphates of the GTP
molecule, thereby making a critical contribution to the interaction (Liu et al. 2002).
Mutation to R>¥°A removes the ability for hydrogen bonding and will therefore affect
the binding of GTP, as has been shown previously (lismaa et al. 2000). These
mutations were introduced into TG2 in the pMAG plasmid for recombinant TG2
expression in E. coli (N-terminally His-tagged TG2 (Hadjivassiliou et al. 2008)) and
the pPCDNA3.1 plasmid for transient expression in HEK293-P2X7R cells (native TG2
(Stephens et al. 2004)).
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Fig. 4.2 Mutations in the GTP binding pocket used in this chapter. The introduced

amino acids are superimposed over original amino acids, shown as follows; D'’ is in green, N!73
is shown in blue, L7 is shown in orange and A% is shown in pink. Carbons shown in grey, with
nitrogens in blue, oxygens in red, and phosphate groups in orange. Potential hydrogen bonds are
indicated with black dashed lines. Residues highlighted as being important in TG2-GTP binding
by Liu et al and Jang et al (Liu et al. 2002; Jang et al. 2014) were arranged around a GTP

molecule. Figure generated by Dr Konrad Beck and Professor Daniel Aeschlimann.

4.2.2. Secretion of TG2 GTP binding site variants by HEK293-P2X7R cells
HEK293 cells expressing wild-type P2X7R were transiently transfected with
expression vectors for TG2 GTP binding site variants. After 48h, P2X7R was
stimulated with 0.1mM BzATP. Conditioned media were collected after 10 minutes of
BzATP treatment, and again after a 30 minute chase period in the absence of BZATP.
Western blotting of conditioned media showed that wild-type TG2 is secreted under
these conditions as expected (6.6-fold increase over baseline in 10 minute pulse, 6.2-
fold increase over baseline in 30 minute chase) (Fig. 4.3). TG2 K!73N is also secreted,
to a similar level as wild-type TG2, confirmed by densitometry (5.1-fold increase over

baseline in 10 minute pulse, 3.1-fold increase over baseline in 30 minute chase,
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repeated measures ANOVA and Tukey’s post-hoc test p>0.05 in comparison to wild-
type TG2 secretion) (Fig. 4.3). Conditioned medium from cells expressing TG2 K!73L
and TG2 K'3N/F'74D collected after 10 minute pulse and 30 minute chase shows
significantly decreased secretion of these in comparison to wild-type (TG2 K!7’L; no
increase over baseline at 10 minute pulse, 1.1% increase over baseline at 30 minute
chase, TG2 K!'7*N/F'"*D; 1.6% increase over baseline at 10 minute pulse, no increase
over baseline at 30 minute chase, repeated measures ANOVA and Tukey’s post-hoc
test p<0.05 in comparison to wild-type TG2) (Fig. 4.3). R3¥°A TG2 is not released in
response to P2X7R stimulation, the secretion over 3 experiments was found to be
significantly reduced in 10 minute pulse conditioned medium (repeated measures
ANOVA and Tukey’s post-hoc test p<0.05), and no bands were detected in 30 minute
chase medium. (Fig. 4.3). These results indicate that either GTP binding and
hydrolysis or the conformational change in TG2 upon GTP binding is required for
TG2 secretion, therefore the exact nature of the interaction of GTP with these TG2

mutants needed further investigating.
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Fig. 4.3 Secretion of TG2 GTP binding site variants by HEK293 P2X7R cells.
HEK293 P2X7R cells were seeded at a density of 1.2x10° cells/well in a 24 well plate. After 24 hours,
cells were transfected with TG2 variants. 48 hours later, cells were treated with 0.1mM BzATP or
vehicle control in OptiMem for 10 minutes (pulse). The conditioned media were collected and cells
were incubated for a further 30 minutes in OptiMEM without BZATP (chase) and conditioned media
collected. Cell lysates were prepared at the end of the experiment to allow assessment of TG2
expression levels. 150ul of conditioned media (concentrated) or 10pg total protein for cell extracts were
run for each sample on a 4-20% SDS PAGE gel under reducing conditions. Western blotting for TG2
(CUB7402, 200ng/ml) and B-tubulin (TUB2.1, 2.6pg/ml) was performed. A) Western blot result shown
is representative of at least 3 independent experiments for each of the TG2 variants. B) Densitometry
analysis was performed on each of the three experiments for each variant. Density of the bands was
measured using Gel Doc EZ System and Image Lab software (BioRad) and the increase in TG2
secretion in BZATP stimulated cells calculated as a percentage increase relative to unstimulated cells
expressing the same mutant. Data shown are mean £ SEM. Repeated measures ANOVA performed to

test significance, followed by Tukey’s post-hoc test n.s. = not significant, *p=<0.05, **p<0.005.
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4.2.3. Expression and purification of TG2 GTP binding site variants

To enable biochemical analysis, TG2 GTP binding site variants were produced
recombinantly in E. coli and purified using Ni?* affinity chromatography followed by
anion exchange chromatography. Protein purification was performed in parts by
Shannon Turberville. SDS-PAGE gel analysis of purified proteins showed that the
purification results in a highly pure TG2 preparation (Fig. 4.4 A). The intact His-
tagged protein runs at an apparent molecular mass of 78kDa in line with what was
reported by us and others previously (Hadjivassiliou ef al. 2008). Bands that were not
at the expected molecular weight for TG2 (smaller than 78kDa) have been assessed in
our lab previously using mass spectrometry and were found to be degradation products
of TG2. TG2 activity assays show that all the mutants were active, however both TG2
K!3N/F'7D and TG2 R3%°A show substantially reduced activity in both
transamidation (Fig. 4.4 B) and isopeptidase (Fig. 4.4 C) activity assays in comparison
to wild type TG2. TG2 K!7°L shows a comparable level of activity to wild type in the
transamidation assay, but shows reduced activity in the isopeptidase assay. The TG2
K!'73N mutant is either as active or more highly active than wild type TG2 in the
respective assays. As these reactions were carried out in the presence of reducing
agent, it appears unlikely that oxidative enzyme inactivation is the reason for this
reduced activity observed for some mutants. It therefore appears that GTP-binding
although controlling enzyme activity allosterically also has a role in keeping the
enzyme in a conformation that allows for rapid activation through Ca?*-binding. No
changes in secondary structure were evident for TG2 K!'73N, TG2 K'"3L and TG2
K!73N/F'74D when compared to wild-type TG2 using circular dichroism spectroscopy
(personal communication with Shannon Turberville), confirming that the overall fold

of the protein is not disrupted by the mutations.
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Fig. 4.4 Characterisation of purity and activity of preparations of TG2 variants.
A) 1pg purified protein for each of the TG2 variants were run on a 4-20% SDS PAGE gel under
reducing conditions, then stained using Coomassie brilliant blue R. B) Transamidation activity
of TG2 variants (20pg/ml) was assessed by MDC incorporation assay. Fluorescence as a result of
monodansylcadaverine incorporation into N,N-dimethylcasein was measured for 1 hour
(excitation 320-10nm, emission 520-10nm). The reaction was initiated by injection of Ca%* (2mM,
arrow); data are the mean of 2 wells + SD, and representative of 2 independent experiments. C)
Isopeptidase activity of TG2 variants (20pg/ml) was assessed by measuring the fluorescence
increase as a result of cleavage of the intramolecularly quenched A102 substrate for 1 hour
(excitation 320-10nm, emission 440-20nm) as previously described (Adamczyk et al. 2013). Data

are the mean of 2 wells + SD, and representative of 2 independent experiments.
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4.2.4. Regulation of the conformation and activity of TG2 variants by GTP
The conformational change that occurs on GTP binding can be seen by running TG2
variants on a native PAGE gel, whereby the compact conformation of the GTP-bound
enzyme produces a faster migrating species (Murthy ez al. 1999). The shift in mobility
of the detected species is clear when wild type TG2 is assessed in the presence or
absence of an excess of GTP, where the absence of GTP gives a less mobile band
(‘open’ conformation of TG2) (Fig. 4.5 A) and the presence of GTP gives a more
mobile band (‘closed’ conformation of TG2) (Fig. 4.5 B). However, enhanced
migration is in parts due to the additional negative charges of the TG2-GTP complex.
This shift is also seen for the TG2 K!'7*N and TG2 K'73L mutants, showing that GTP
binding still induces a conformational change in these mutants. With the TG2 K'73L
mutant, however, the proportion of protein in the GTP-bound state appears to be
reduced in comparison to wild-type TG2. This suggests the apparent binding affinity
of this mutant for GTP is lower. TG2 K!7*N/F'"*D and TG2 R°A do not show the
shift in band position seen in wild-type TG2. This suggests that these mutants were
not capable of binding GTP, or that GTP binding does not induce the conformational

change from open to closed conformation.
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Fig. 4.5 Analysis of GTP binding of TG2 variants using native PAGE. A) For native
PAGE, TG2 variants (4pg) were run on a 10% tris-glycine gel under native conditions at 100V,
35mA for 3 hours on ice (cathode and anode use indicated). Gels were stained using Coomassie
brilliant blue R. B) TG2 variants were incubated with 25uM GTP for 10 minutes, then gels run
as in A but in the presence of 25pM GTP.

The influence of GTP binding on transamidation activity of TG2 mutants was assessed
by isopeptidase assay, as described in section 4.2.3. The assay was carried out in the
presence of a GTP concentration series (0.25uM to 600uM). Our laboratory has
previously shown that the apparent Kq of wild-type TG2 for GTP using this assay is
2.9uM (Adamczyk et al. 2013). The isopeptidase activity assay showed that the
activity of the TG2 R**°A mutant was not inhibited, even at high levels of GTP
(600uM) (Fig. 4.6). The TG2 K'7*N/F'"D mutant had a significantly shifted Kp in
comparison to wild type TG2 (Kp>600uM, TG2 wild-type Kp=22 + 4uM), indicating
a much reduced affinity for GTP. The TG2 K!"3N (Kp=41 + 14uM) and TG2 K'73L
(Kp=26 + 24pM) mutants showed comparable sensitivity to GTP inhibition in
comparison to wild-type TG2 (Kp=22 + 4uM), indicating that these mutations do not
have very large effects on apparent GTP binding. Taken together with results on
specific activity in isopeptidase assay and native PAGE analysis, this could indicate

that only a fraction of the K!73L is in a conformation competent to bind GTP.
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Fig. 4.6 Apparent binding affinity of TG2 variants for GTP. Isopeptidase activity of
TG2 variants was measured as in fig. 4.4 in the presence of GTP from OuM to 600uM. The control
curve (TG2 with no Ca?") was subtracted to account for time dependent fluorescence bleaching.
Reaction rates were then derived by linear regression (From 1000 seconds to 2500 seconds). Data
shown are the mean of two wells. Data were fitted with a sigmoidal dose response curve
(Y=Y min+(Ymax-Y min)/1+100°8EC0-X)) t5 allow the apparent Kp to be determined (half maximal
inhibition).

The results outlined here show that either GTP binding or hydrolysis or the
conformational change in TG2 that occurs on GTP binding is essential for TG2
secretion. The release of the TG2 K!73N mutant being similar to wild-type TG2
suggests that it is GTP binding that is essential for efficient TG2 secretion as opposed
to GTP hydrolysis, as the binding of GTP by TG2 K!'7*N is similar to wild-type TG2,
the hydrolysis of GTP, however, has been reported to be reduced in TG2 K'7*N in
comparison wild-type TG2 (Datta et al. 2007). The mutants TG2 K!73L, K!7*N/F!'74D
and R>%°A show substantially reduced release, with the release of TG2 K!7*N/F!'74D
and TG2 R>%°A being indistinguishable from background. It has been reported that the
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TG2 R¥A mutant does not form the closed conformation when GTP is present using
analytical centrifugation (lismaa et al. 2000). This is consistent with the results from
the native PAGE analysis carried out here. Taken together, this suggests that the

conformational change induced by GTP is important for TG2 release.

4.2.7. Is thioredoxin-1 secreted via the same pathway as TG2 and
facilitating TG2 export?

Extracellular TG2 is likely to adopt the open conformation due to Ca?* binding as the
concentration of Ca?" is higher extracellularly and nucleotide concentration low, in
parts due to active hydrolysis by ectonucleotidases. However, extracellular TG2 has
been found to be predominantly in an inactive state. This is due to rapid oxidation
resulting in disulphide bond formation at two vicinal cysteine residues (Stamnaes et
al. 2010). A disulphide bond forms initially between C?3° and C*7°, which can convert
into a disulphide bond between C37° and C37' (Fig. 4.9). Thioredoxin-1 has been
suggested to reactivate oxidized enzyme by reducing the disulphide bond between C37°
and 7! (Jin et al. 2011). Hence, the question arises whether thioredoxin-1 interacts
with TG2 intracellularly and is either co-secreted with TG2 or even mechanistically

linked into the export process.
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Fig. 4.9 Schematic of the oxidation of TG2 leading to its inactivation. The ‘unknown
factors’ acting on inactive TG2, reducing the disulphide bond (shown in step 3) is likely to be
thioredoxin-1 (Stamnaes et al. 2010) as subsequently demonstrated (Jin et al. 2011).
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4.2.8. P2X7R activation leads to thioredoxin-1 secretion

As thioredoxin-1 is an unconventionally secreted protein with an important role in
activating TG2 extracellularly, the potential for it to be secreted through the same
pathway as TG2 was investigated initially. HEK293 P2X7R cells were stimulated with
0.1mM BzATP and conditioned media collected after 10 minutes of stimulation and a
further 30 minute chase period in the absence of BzATP. Western blotting was
performed and membranes were probed for thioredoxin-1. Thioredoxin-1 was found
to be secreted in response to activation of the P2X7R, either in the absence of TG2
expression (Fig. 4.10 A) or in the presence of TG2 following transient transfection
(Fig. 4.10 B). This shows that thioredoxin-1 export can be triggered through activation
of P2X7R, and that this occurs independent of TG2.
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Fig. 4.10 Thioredoxin-1 release in response to P2X7R activation in the presence

and absence of TG2 expression. A) HEK293 P2X7R cells were treated with 0.1mM BzATP or
vehicle control in OptiMEM for 10 minutes. The conditioned media were collected and cells were
further incubated for 30 minutes in OptiMEM without BZATP. Conditioned media were collected and
cells lysed to allow assessment of TG2 expression levels. 400ul of concentrated conditioned media or
10pg total protein from lysate Were applied for each sample on a 16% tricine SDS-PAGE gel under
reducing conditions. Samples were then subjected to Western blotting for thioredoxin-1 (TRX) (FL-
105, 1pg/ml). Result shown is representative of 3 independent experiments. B) Experiments were
conducted as in A, except that cells were transiently transfected with TG2 expression construct 48 hours
prior to experiment. Western blotting for TG2 was performed by loading 150ul of concentrated
conditioned media or 10ug total protein from cell lysate on a 4-20% SDS-PAGE gel under reducing
conditions. Western blotting for TG2 (CUB7402, 200ng/ml) was performed. Analysis of samples for

thioredoxin-1 was carried out as in A. Result shown is representative of 3 independent experiments.
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4.2.9. Thioredoxin-1 secretion does not require P2X7R ion channel activity
To further investigate whether thioredoxin-1 is secreted by the same process as TG2,
involving the same state of receptor activation (likely to be membrane pore formation),
the involvement of the P2X7R ion channel or a membrane pore formed by pannexin-
1 were investigated. In the presence of the pannexin-1 inhibitor, trovafloxacin, as
described previously, thioredoxin-1 is still released from cells (Fig. 4.11 A). This
suggests that pannexin-1 is not involved in thioredoxin-1 release, as I have already

shown for TG2 release in HEK293 cells expressing P2X7R in the previous chapter.

Calmidazolium has previously been demonstrated to act as a P2X7R ion channel
blocker, without affecting P2X7R membrane pore formation (Virginio et al. 1997). In
the presence of calmidazolium, thioredoxin-1 release was unaffected (Fig. 4.11 B). We
have previously shown that calmidazolium at this concentration blocks the increase in
intracellular Ca®* normally occurring upon P2X7R activation (Adamczyk 2013;
Adamczyk et al. 2015). This shows that thioredoxin-1 release does not require ion
channel activity which is in line with our findings for TG2 secretion. These results
therefore suggest that the pathway for thioredoxin-1 release by P2X7R activation may
be the same as that for TG2.
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Fig. 4.11 Thioredoxin-1 release in the presence of pannexin-1 inhibitor or P2X7R

ion channel blocker. Thioredoxin-1 release was investigated as in fig. 4.10, except that in A) cells

were pre-treated with 20uM or 100uM trovafloxacin (trova, pannexin-1 inhibitor) for 30 minutes and
trova was present at all times during the experiment. Result shown is representative of three independent
experiments. B) Thioredoxin-1 release was investigated as before, but for this experiment cells were
pre-treated with 1pM calmidazolium chloride for 10 minutes and calmidazolium was present at all

times during the experiment. Result shown is representative of two independent experiments.

4.2.10. Is TG2 secretion prevented by thioredoxin-1 inhibition?

As thioredoxin-1 may be secreted via the same pathway as TG2, it is possible that it
has a functional role in TG2 secretion. To assess whether TG2 secretion requires
thioredoxin-1 activity, its secretion in the presence of two thioredoxin-1 inhibitors was
assessed. Firstly, DNCB (1-Chloro-2,4-dinitrobenzene) is an intracellularly acting
irreversible inhibitor of thioredoxin reductase (TRXR) (Arner et al. 1995; Rothmeier
etal 2015). TRXR catalyses reduction of oxidised thioredoxin-1 by NADPH, forming
the SH» form of thioredoxin-1, which can act as a protein disulphide reductase. DNCB
acts through inactivating the selenocysteine of TRXR with high specificity, when low
concentrations of DNCB were used (low puM) (Fig. 4.12) (Arer et al. 1995).
Secondly, PX12 is a specific, extracellularly acting thioredoxin-1 inhibitor, which
binds irreversibly to thioredoxin-1 and inactivates it by oxidising vicinal thiols in
thioredoxin-1 and competing with binding to TRXR (Kirkpatrick et al. 1998;
Rothmeier et al. 2015) (Fig. 4.12).
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Fig. 4.12 Inhibition of thioredoxin-1 by DNCB and PX12. DNCB is capable of
penetrating cells and inhibits TRXR, preventing activation of thioredoxin-1 (TRX). PX12 directly

inhibits thioredoxin-1, and is not thought to be cell permeable.

TG2 and thioredoxin-1 release were investigated in the presence of these two
thioredoxin-1 inhibitors. Inhibitor concentrations were chosen based upon those
previously reported to specifically inhibit thioredoxin-1 activity (Rothmeier et al.
2015). When DNCB was present only during the pre-incubation period, there was no
apparent inhibition of TG2 secretion (Fig. 4.13 A). Therefore, the experiment was
repeated but with DNCB present at all times during the experiment (Fig. 4.13 B).
Given that thioredoxin plays a critical role in maintaining the redox potential within
the cytoplasm of the cell the concern was that extended inhibitor treatment could lead
to cell death. Therefore, I decided to investigate caspase-3 activation. Caspase-3
activation requires processing, which results in 17 and 19kDa products and this can
indicate that the cells are undergoing apoptosis. Cells treated with DNCB throughout

the experiment were not found to have caspase-3 activation, either when analysed at
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the end of the experiment (Fig. 4.13 B), indicating that the treatment is not causing
cell death. Although some variation in TG2 secretion was seen between experiments,
there was no clear dose-dependent reduction and it was apparent that DNCB does not
appear to completely or effectively inhibit TG2 secretion. PX12 present at all times
during the experiment, did not have any inhibitory effect on TG2 secretion.
Unexpectedly, neither of these inhibitors were found to prevent thioredoxin-1

secretion, suggesting that its release was not dependent on its activity (Fig. 4.13 C).
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Fig. 4.13 TG2 secretion in the presence of thioredoxin-1 inhibitors. TG2 and
thioredoxin-1 secretion experiments were performed as described in fig. 4.10 B, except that in A) cells
were pre-treated with 10uM or 30uM DNCB or 50uM PX12 for 30 minutes, where indicated. 400ul of
concentrated conditioned medium or 10ug total protein from lysate was applied for each sample on a
4-20% tris-glycine SDS-PAGE gel under reducing conditions. Samples were then subjected to Western
blotting and membranes probed for TG2 (CUB7402, 200ng/ml), B-tubulin (TUB2.1, 2.6pg/ml), and
caspase-3 (9662, 0.04ug/ml). Result is representative of two independent experiments. B) Experiment
was performed as in A, except that inhibitors were present at the same concentrations for both the pre-
treatment indicated as well as during the 10 minute pulse and 30 minute chase periods. Result is
representative of two independent experiments. C) Experiment was performed as in A, with Western

blotting performed for TRX (FL-105, 1pug/ml). Result is representative of two independent experiments.
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4.3. Discussion

To assess whether GTP binding, hydrolysis or a conformational change in TG2 is
required for TG2 secretion, mutations of residues involved in GTP binding were
introduced into TG2. These TG2 variants were expressed in HEK293 cells expressing
P2X7R and their secretion in response to P2X7R activation by BzATP was assessed
(by Western blotting). The variants were also recombinantly produced in £. Coli in mg
quantities, allowing biochemical analysis of the effect of the mutations on protein
folding, TG2 activity, and interaction GTP. Wild type TG2 was confirmed to be
secreted by P2X7R activation in HEK293 cells. Wild type TG2, expected to be GTP-
bound intracellularly, is capable of GTP hydrolysis. Conformational changes in TG2,
associated with GTP binding or hydrolysis, or the energy released from GTP

hydrolysis could play a role in the protein export process.

TG2 K!7*N was found to be released from HEK293 cells on P2X7R activation to a
similar level to wild type TG2. This variant is known to have a similar level of activity
to wild type TG2 (Datta et al. 2007) and the inhibition of activity by GTP is also not
thought to be significantly different to wild type TG2 (lismaa et al. 2000; Datta et al.
2007). In my experiments, the activity of this mutant was confirmed to be moderately
increased or similar to wild-type TG2 in transamidation and isopeptidase assays,
respectively, confirming protein functionality. Native PAGE analysis of TG2 K'7*N in
the absence and presence of GTP showed the shift of conformation in response to GTP.
This indicates that this conservative amino acid substitution does not significantly
affect the interaction with GTP, possibly also explaining why the release from
HEK?293 cells is unaffected. It has, however, been shown previously that TG2 K'"3N
has a significantly reduced capacity to hydrolyse GTP (Datta ez al. 2007). As this TG2
mutant is still secreted from HEK293 cells, this suggests that GTP hydrolysis may not

be important for TG2 secretion.

TG2 K'73L gave reduced P2X7R-mediated release in comparison to wild type TG2 in
our HEK cell model. This is in line with the prior observation that TG2 K!'73L was not
secreted by chondrocytes (without stimulation) (Johnson and Terkeltaub 2005). TG2
K'73L has a similar level of transamidation activity to wild type TG2, in agreement
with data published regarding this mutant (Johnson and Terkeltaub 2005). Likewise,
my data showed that the apparent affinity for GTP regulation of TG2 K!7L is
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comparable to wild type TG2. However, this data is in contradiction to published data,
which suggests that the inhibition of transamidation activity by GTP is reduced in this
mutant (A 6-fold increase in ICso in comparison to wild-type TG2, fig 4.6) (lismaa et
al. 2000). TG2 K'7*L showed a shift in conformation in response to GTP in the native
PAGE analysis, however, there appears to be a reduction in the proportion of the
enzyme that shifts in comparison to wild type TG2. This could suggest that GTP
binding affinity is reduced in this mutant, which is supported by published work
(lismaa et al. 2000), but is not consistent with my own work from the isopeptidase
assay. Alternatively, the enzyme may exist in a conformation that can rapidly bind
GTP and one with low affinity for GTP. My data would be consistent with such an
interpretation and a shift in the prevalence of the respective conformations with TG2
K!73L towards the conformation that is not or only weakly interacting with GTP could
explain my results (Fig. 4.14). These data, alongside the TG2 K!73N data, further
indicate that GTP binding or the conformational change induced by GTP binding play
a role in TG2 secretion, as the TG2 K!7*L mutant shows reduced, but not completely

abolished, release by cells.
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Fig. 4.14 Schematic for proposed model of TG2 K!73L conformational states. In
contrast to wild-type TG2, TG2 K'"*L adopts preferentially a state (TG2*) that is not capable of binding

GTP or convert directly into the ‘open conformation’ that is necessary for binding of a crosslinked

substrate and TG2 K!73L therefore lacks isopeptidase activity.

To investigate this further, the TG2 K!7*N/F'7*D mutant was generated and was
demonstrated to have negligible release in response to P2X7R activation in
comparison to wild type TG2. This mutant has a significantly shifted GTP inhibition
curve in comparison to wild type TG2, requiring a high concentration of GTP for
inhibition (Kp >0.6mM for K173N/F174D, approx. 20uM for wild type TG2, fig 4.6).

Enzymatic activity of TG2 K!73N/F'"D is substantially reduced in comparison to wild
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type TG2. Although no structural differences were seen using circular dichroism
spectroscopy (personal communication with Shannon Turberville), which confirms
folding of the protein, this indicates that minor conformational changes in the
respective loop are deleterious for enzyme function. Furthermore, the conformational
change in response to GTP cannot be shown in native PAGE with this mutant
suggesting that no stable GTP-bound species is formed. These data, alongside the TG2
K!73N and TG2 K'73L data strongly suggest that the conformational change associated
with GTP-binding is required for TG2 secretion.

Finally, a mutation (R%°A) previously suggested to prevent GTP binding but located
within a different part of the protein (B barrel 2) was introduced into TG2 (Begg ef al.
2006b; Datta et al. 2007). TG2 R3°A had significantly reduced activity in comparison
to wild type TG2, which was also found in vitro by another group (Ruan et al. 2008).
However, it has also been suggested that this mutation results in increased TG2 activity
compared to wild-type TG2 when expressed in cells, possibly due to activity
regulation being uncoupled from GTP inhibition and consequently sensitive to small
changes in intracellular Ca>* (Begg ef al. 2006b; Ruan et al. 2008). It has also been
shown that this mutation prevents any inhibition by GTP (Datta et al. 2007), whichl
was also able to similarly demonstrate here. Native PAGE showed that TG2 R3%°A
does not show a shift in conformation in the presence of GTP. It has been suggested
that R*°A mutation could destabilise the compact conformation (Begg et al. 2006a),
resulting in the open conformation being more likely to be present. Importantly, TG2
R8%A is not released by HEK293 cells on P2X7R activation, confirming that the
conformational change in TG2 associated with GTP-binding is required for TG2

secretion.

The two TG2 mutants that were both not released in response to P2X7R activation,
K!73N/F'74D and R3®°A, both show reduced TG activity. Previous experiments in our
lab using the catalytically inactive active site mutant TG2 C?7’S have demonstrated
that TG2 activity is not required for TG2 release (Adamczyk 2013; Adamczyk et al.
2015). This indicates that the lack of release of these mutants is unlikely to be due to
the reduced activity of TG2 per se, and should therefore be as a result of altered

interactions with GTP.
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Taken together, the results with these TG2 mutants suggest that GTP hydrolysis is
likely not essential for TG2 secretion, due to the fact that variants with mutations at
K!73, previously shown to have reduced GTP hydrolysis can be released by cells.
However, these results also suggest that GTP binding may play a role in TG2 secretion,
as mutations resulting in decrease of GTP binding affinity also result in reduced TG2
release. TG2 R3%°A and K!7*N/F'7#D were both not released on P2X7R activation, and
both do not show a conformational change in the presence of GTP. This suggests that
this conformational change is required for TG2 secretion. This is consistent with prior
work, demonstrating that the Y27*A mutation, which affects a peptide bond near to the
active site thereby affecting the conformation of the enzyme in this region shows

greatly reduced secretion (Balklava ef al. 2002).

To further investigate whether regulation of TG2 activity is linked to the export
process, the release of thioredoxin-1 by the same mechanism of release as TG2 was
examined. In parallel with our work in HEK cells (Adamczyk ef al. 2015), It has been
demonstrated that thioredoxin-1 can be released upon P2X7R activation by mouse
macrophages (Rothmeier er al. 2015) lending further insight into the potential
importance of this unconventional protein export pathway in the context of
inflammation. The work performed here extends these findings and shows that
although being a regulator of TG2 activity, thioredoxin-1 release can occur
independently of TG2 expression, therefore an interaction between TG2 and

thioredoxin-1 is not required for thioredoxin-1 secretion to occur.

To assess whether the pathway for thioredoxin-1 release is the same pathway as that
for TG2 export, I employed inhibitors of specific functions of the P2X7R. Using an
inhibitor of pannexin-1, a possible pore-forming component linked to P2X7R
activation, I did not see a reduction in thioredoxin-1 secretion. However, as already
discussed in the previous chapter, this inhibitor also did not affect TG2 secretion or
membrane pore formation per se in HEK293 cells, and hence this result was expected.
I also did not see a reduction in thioredoxin-1 release when cells were treated with
calmidazolium, a blocker of the P2X7R ion channel (Virginio ez al. 1997). This is also
in agreement with our TG2 secretion data. Preliminary experiments using HEK293
cells expressing the P2X7R, A3*T, that displays enhanced pore formation, suggest that

there is increased release of thioredoxin-1 by these cells in comparison to cells
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expressing wild type P2X7R, as with TG2. Taken together, these results show that
thioredoxin and TG2 export is linked to P2X7R and suggest that thioredoxin-1 and
TG2 may be secreted via the same pathway. Published data also suggests that
thioredoxin-1 is secreted in free-protein form and not in microvesicles (Rothmeier et
al. 2015), as we have also shown for TG2 (Adamczyk 2013; Adamczyk et al. 2015),
again suggesting that both proteins could be secreted by the same pathway. This is an
important finding because thioredoxin-1 plays a role in the activation of TG2
extracellularly. The release of both TG2 and thioredoxin-1 by the same pathway would
give an increased activity of TG2 extracellularly, in a localised manner, consistent with
these proteins playing a role in immune functions and associated inflammatory

responses (Amer and Holmgren 2000; lismaa et al. 2009).

To investigate whether thioredoxin-1 activity is required for TG2 secretion,
thioredoxin-1 inhibitors, DNCB and PX12, were used. It has previously been shown
that both of these inhibitors can prevent thioredoxin-1 secretion, despite having
different mechanisms of thioredoxin-1 inhibition (Rothmeier et al. 2015). DNCB is
capable of entering the cell and preventing thioredoxin-1 activation by thioredoxin-1
reductase (Arner et al. 1995; Rothmeier et al. 2015). PX12 on the other hand, should
not be capable of entering the cell, and the thioredoxin-1 inhibition will therefore occur
extracellularly (Rothmeier et al. 2015). Treatment of cells with either of these
inhibitors did not result in blocking of TG2 export. However, I could also not verify
blocking of secretion of thioredoxin itself that was previously reported for mouse
macrophages (Rothmeier et al. 2015). The reason for this remains unclear but may

relate to different cell types being used.
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Chapter 5
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5. Do primary human macrophages release TG2 in response to

P2X7R stimulation?

5.1. Introduction

All of the previous work in this thesis was performed in HEK293 cells as a ‘clean’
system, lacking endogenous P2 receptor or TG expression. To confirm that the
mechanism outlined in these cells was relevant in a more physiological system, I
decided to use primary human macrophages. TG2 appears to have important roles in
immunity, and has been shown to be expressed and active in macrophages (Hodrea et
al. 2010). In macrophages, TG2 is present extracellularly at the surface of the cell,
where it may have a role in inflammatory disease, for example in coeliac disease
(Hodrea et al. 2010). Cell surface TG2 may be involved in the generation of the
immunogenic peptides. Furthermore, TG2 in macrophages has also been shown to be
involved in cell migration, through an interaction with syndecan-4, and apoptotic cell
clearance, through an interaction with CD44 (Nadella et al. 2015). In support of this,
cells from TG2”- mice still perform apoptosis, but there is decreased clearance of these
cells, due to reduced phagocytosis by macrophages (Szondy et al. 2003). These
functions of TG2 highlight an important role for extracellular TG2 in inflammatory
processes, indicating that TG2 secretion from immune cells, such as macrophages, is

required for proper resolution of inflammation.

P2X7R is widely expressed, with some of the highest levels of expression being on
haematopoietic cells (Idzko et al. 2014). Macrophages have been shown to express the
highest levels of P2X7R, followed by dendritic cells, monocytes, natural killer cells,
B lymphocytes, T lymphocytes and erythrocytes (Gu et al. 2000). Macrophages also
express other purinergic receptors, including P2Y receptors, P2X1, P2X4 and P2X5
(Idzko et al. 2014). Purinergic receptors can be activated during the immune response
due to the release of nucleotides from many different cell types (Idzko et al. 2014).
This release can occur due to cell death, for example necrosis (where the intracellular
components of damaged cells are released into the extracellular environment)
(Hotchkiss et al. 2009) or apoptosis (Chekeni et al. 2010), through activation of
inflammatory cells (Eltzschig et al. 2006; Chekeni et al. 2010) or mechanical damage,
such as shear stress (Wan ef al. 2008). When inflammatory cells, for example

neutrophils, are activated, ATP can be secreted through a pathway involving either

147



connexins (Eltzschig et al. 2006) or pannexins (Chekeni ez al. 2010). This extracellular
ATP can then activate purinergic receptors, one effect of which is to attract phagocytic

cells to sites of tissue damage (McDonald et al. 2010).

The P2X7R has been shown to be important for the immune response and is involved
in several steps of the process, including active cytokine production through activation
of the NALP3 inflammasome following NF-kB activation (Ferrari et al. 1997), leading
to transcription of cytokine genes (Mariathasan et al. 2006). In macrophages, the
pathway for IL-1P secretion has been well characterised, and has been shown to
involve activation of both TLR and P2X7R (Netea et al 2009). The NALP3
inflammasome includes the adaptor protein, ASC, which is required for procaspase-1
conversion to caspase-1 (Mariathasan et al. 2004). The activation of caspase-1 is
required for processing and secretion of cytokines, such as conversion of pro-1L-1p to
IL-1p which can then be secreted from the cell in microvesicles (Pizzirani et al. 2007,
Netea et al. 2009). It is therefore possible that components of this pathway are also

required for TG2 secretion in macrophages.

P2X7R activation in macrophages is also known to regulate secretion of other
mediators including IL-18 (Mariathasan et al. 2004), IL-6 (Solini et al. 1999), MMP9
(Gu and Wiley 2006) and proteases including caspase-1 (Laliberte et al. 1999) and
cathepsins B, K, Land S (Lopez-Castejon et al. 2010). Deficiency in P2X7R activation
can result in reduced elimination of intracellular pathogens e.g. mycobacterium
tuberculosis, or reduced clearance of infected cells (Idzko et al. 2014), demonstrating

a role in immune defence.

To investigate whether TG2 secretion occurs through a pathway involving P2X7R in
a more physiologically relevant system than HEK293 cells, primary human monocytes
were isolated from human peripheral blood and differentiated to M1 macrophages for
use in TG2 secretion experiments. As discussed above, these cells are known to
express high levels of P2X7R and have also been demonstrated to express TG2 and to
translocate it to the cell surface, and are therefore a good system to use as they are

expected to secrete TG2 to a sufficient level to allow detection by Western blotting.
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Aims of this chapter:

1.

To establish whether human M1 macrophages respond to BzATP by
secreting TG2, in a P2X7R dependent manner.

To assess the involvement of caspase-1 in TG2 secretion by M1
macrophages.

To investigate potential differences in mechanistic aspects of TG2

secretion between M1 macrophages and HEK293 cells.
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5.2. Results

5.2.1. Characterisation of the cells extracted from human peripheral blood
Monocytes were isolated from human peripheral blood, and cultured for 7 to 10 days
in the presence of 20ng/ml GM-CSF. This protocol has been shown in our lab to result
in monocyte differentiation to M1 macrophages (Jegundo dos Reis 2017) as evidenced
by induction of expression of iNOS. The isolation protocol used, separation of cells
by centrifugation through Ficoll of specific density, should result in purification of
mainly monocytes but I cannot exclude co-purification of some platelets and other
blood cells. Initially, the cells grow in suspension, but over 7-10 days in the presence
of 20ng/ml GM-CSF a proportion of the monocytes become adherent and spread on
the flask surface, as they differentiate into M1 macrophages (Fig. 5.1 A). Replacement
of the media removes any non-adherent cells, including any that were not monocytes,
leaving the adherent M1 macrophages on the surface of the flask for use in
experiments. The adherent cells were then transferred into 24-well plates and allowed
to settle for 24 hours, before use in P2X7R stimulation experiments. Initially, the
expression of both P2X7R and TG2 was investigated in these M1 macrophages, and
both proteins were found to be present as determined by Western blotting (Fig. 5.1 B
and C). Membrane shown in B was probed for TG2, followed by P2X7R. As P2X7R
was found at a lower molecular weight than expected, Western blotting was performed
again using the same samples, first probed for P2X7R, demonstrating that the main
band present was the ~66kDa band, and the 80kDa band was largely absent. Some
differences in expression levels between individuals were noted, in line with previous
reports (Hodrea et al. 2010; Jegundo dos Reis 2017). The majority of P2X7R detected
in M1 macrophage cell extracts was found at approximately 66kDa, rather than the
expected ~80kDa, demonstrated in Fig. 5.1 C, likely to be due to changes in

glycosylation of the receptor.
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A Undifferentiated monocytes Unstimulated M1 macrophages

7-10 days
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Fig. 5.1 Characterisation of M1 macrophages generated from human peripheral

blood mononuclear cells. A) Phase contrast images (10x magnification) of cells extracted from
human peripheral blood using centrifugation through Ficoll Paque, day O (left) and after 7 days of
culture with 20ng/ml GM-CSF (right), where M1 macrophages have adhered to the surface of the flask
(Day 7). Images shown are representative of cells appearance in all experiments. B and C) Western
blotting performed using 10pg total cell protein isolated from M1 macrophages of 7 blood donors and
run on a 4-20% SDS PAGE gel under reducing conditions and blotted for TG2 (CUB7402, 200ng/ml),
P2X7R (Sc-25698, 2pg/ml) and B-tubulin (TUB2.1, 2.6pg/ml). Result shown for 7 individuals, out of

a total 16 used, is representative for the cohort.
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5.2.2. P2X7R regulates TG2 secretion by M1 macrophages

To assess TG2 secretion, macrophages were stimulated for 10 minutes with 0.1mM
BzATP or control medium, followed by a 30 minute chase period in the absence of
BzATP. This demonstrated that TG2 secretion occurs on P2X7R stimulation in M1
macrophages during the 10 minute pulse of BzATP (Fig. 5.2). In contrast to what
occurs in HEK293 cells, release does not continue during the 30 minute chase period.
Furthermore, the released form of TG2 is a 66kDa processed form, TG2’, whereas the
78kDa full-length form of TG2 is present in the cell lysate (Fig. 5.2). To confirm that
this release was specific to P2X7R activation and not due to non-specific release of
the contents of damaged or necrotic cells, the Western blot was probed for proteins
that are exclusively intracellular — B-tubulin and IkBa. Both of these proteins were
detected in the cell lysate, but were absent from the conditioned media samples. This
indicates that the TG2 release seen in these cells is specific release triggered by P2X7R
activation and not non-specific release of cell contents due to damage. Note,
stimulation of receptor with saturating ligand concentrations leads to release of the
78kDa form of TG2 suggesting that the activation state of the receptor has an impact

on TG2 processing.
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Fig. 5.2 TG2 release occurs on P2X7R activation. M1 macrophages (VOL006), generated

as described in fig. 5.1, were stimulated using 0.1mM or 0.5mM BzATP in OptiMem or OptiMem only
for 10 minutes (pulse), then fresh OptiMem without BZATP was added for a further 30 minutes (chase).
500pl media was run on a 4-20% SDS PAGE gel under reducing conditions, and Western blotting
performed for TG2 (CUB7402, 200ng/ml), B-tubulin (TUB2.1, 2.6ug/ml), and IxkBa (1pg/ml).

Experiment shown is representative of three independent experiments for this volunteer.

To account for any potential differences between individuals, monocytes were isolated
from a second individual and TG?2 release assessed (Fig. 5.3 A). This individual also
responded to 0.1mM BzATP by secreting TG2 in the 10 minute pulse period, and again
had an absence of release during the 30 minute chase period. TG2 from this individual
was also detected as the processed, 66kDa form in the media and full-length 78kDa
TG2 in the lysate. This indicates that the processing observed in fig. 5.2 was not
specific to a particular individual or due to any sample handling issues. To further
confirm that this 66kDa band is TG2, a second antibody to TG2 which recognises an
epitope in the N-terminal B-sheet domain (A034, Zedira) was used to probe a medium
sample from BzATP stimulated cells (Fig. 5.3 B) (Note, CUB7402 recognises an
epitope in the core domain (Lai ef al. 2007)). This antibody was also capable of
detecting the 66kDa band, confirming that this band is a processed version of TG2 and
not an off-target interaction of the CUB7402 antibody. Due to M1 macrophages

expressing several P2 receptors, which would be capable of responding to BzATP, the
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experiment was also performed in the presence of 2.5mM CaCl,, which is known to
specifically inhibit P2X7R (Virginio et al. 1997) (Fig. 5.3 C). In these conditions, TG2
was no longer detectable in the media samples. This further supports that the TG2
release is due to P2X7R activation and not non-P2X7R related effects of BZATP.

Pre-treatment of cells with apyrase breaks down endogenous ATP (and other
nucleotides) from the extracellular environment, enabling us to block any baseline
signalling and meaning that any TG2 secretion observed is due to the BZATP treatment
only. However, after pre-treatment with apyrase, TG2 secretion was reduced compared
to no pre-treatment (performed in parallel) and the full-length form of TG2 is present
in the 10 minute pulse, BZATP treated conditioned media and both 30 minute chase
media samples, with a small increase in TG2 secretion in response to BzZATP activation
during the 10 minute pulse (Fig. 5.3 D). This full-length TG2 release may be due to
some cell death, possibly due to the apyrase pre-treatment. However, it is also possible
that other P2 receptors play a role in this, for example P2Y6 (Campwala et al. 2014).
While this is a potentially important observation, it is not the focus here and was not
investigated further at this point. Finally, thioredoxin-1 secretion in M1 macrophages
was assessed. Thioredoxin-1 appears to be released in response to BZATP stimulation
(Fig. 5.3 E). This confirms that thioredoxin-1 secretion occurs in parallel with TG2
secretion on P2X7R activation in M1 macrophages as well as in HEK293 cells, as

shown in chapter 4.
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Fig. 5.3 TG2 and TRX secretion occur in response to BZATP stimulation in M1

macrophages. P2X7R stimulation experiments and Western blotting were performed as described
in fig. 5.2. In A) macrophages from a second individual (VOL002) were used and Western blot probed
for TG2 (CUB7402, 200ng/ml), representative of three independent experiments for this individual. B)
Conditioned medium from M1 macrophages (VOL006) stimulated for 10 minutes with 0.1mM BzATP
analysed by Western blotting using an anti TG2 p-sheet domain antibody (A034, 200ng/ml),
representative of two individual experiments probed with this antibody. C) M1 macrophages (VOL005)
were pre-treated for 10 minutes with 2.5mM CaCl, and 2.5mM CaCl, was present at all times during
the P2X7R activation experiment (experiment was performed as described in fig. 5.2), representative
of two independent experiments. TG2 secretion in the absence of high Ca?" was confirmed in parallel.
D) Macrophages (VOL002) were pre-treated for 15 minutes with 1U/ml apyrase, then apyrase was
removed and absent during the 10 minute pulse and 30 minute chase periods of the experiment,
experiment performed as described in Fig. 5.2. Experiment was performed once. E) Western blot shown

in A was probed for thioredoxin-1 (FL-105, 1pg/ml) (VOL002).

5.2.3. Role of caspase-1 in processing and release of TG2

In macrophages, P2X7R activation results in caspase-1 activation, which could be
responsible for TG2 processing. The caspase-1 inhibitor ac-YVAD-cmk (a
chloromethyl ketone peptide based on the target sequence of IL-1p) was applied to the
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cells at the same time as BZATP, inhibiting any secreted caspase-1 present in the media
and preventing its processing of proteins in the media. I used 100uM of the
chloromethyl ketone as this dose was shown to be effective in previous studies (Kelk
et al. 2003). In the presence of ac-Y VAD-cmk, the processed but not the full-length
form of TG2 was still present in the media (Fig. 5.4 A). To confirm that caspase-1 was
not responsible for TG2 processing, recombinant TG2 was incubated with
recombinant caspase-1. I observed some TG2 complexes, possibly due to either auto-
crosslinking of TG2 or aggregation of the protein due to purification. Incubation of
recombinant caspase-1 with TG2 did not result in processing of TG2 to give the 66kDa
form (Fig. 5.4 B), indicating that caspase-1 is unlikely to be processing TG2 in the
conditioned media of M1 macrophages. This suggests that either TG2 processing in
the media is performed by a different protease, or TG2 processing occurs prior to its

release.
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Experiment was performed as in fig. 5.2, except that 100uM ac-YVAD-cmk was included in the media
during P2X7R stimulation (10 minute pulse) and during the 30 minute chase period, where indicated
(cells from VOLO0O05), representative of three independent experiments. B) The indicated amounts of
recombinant TG2 were incubated for 3 hours with recombinant caspase-1 (1 unit/reaction) or H,O
control in caspase-1 activity buffer, at 25°C. This was then run on a 4-20% SDS PAGE gel under
reducing conditions and probed for TG2 (CUB7402, 200ng/ul). Experiment performed once.

As caspase-1 is required for the secretion of IL-1 in response to P2X7R activation
(Netea et al. 2009), I investigated whether it was also required for TG2 secretion. Cells
were pre-incubated with ac-YVAD-cmk for 10 minutes and the inhibitor was also
present at all times during the experiment. Note, this inhibitor is cell permeable.
Surprisingly, under these conditions, TG2 release was completely blocked (Fig. 5.5
A). In contrast, the presence of ac-YVAD-cmk during pulse and chase only, with no
pre-incubation, does not prevent TG2 secretion (Fig. 5.5 B, also shown in fig. 5.4 A).
The reproducibility of the inhibition of TG2 secretion by 10 minutes of pre-treatment
with caspase-1 inhibitor was confirmed; however, pre-incubating the cells for 30
minutes with ac-Y VAD-cmk, only partially inhibits TG2 secretion. This suggests that

30 minutes of incubation with ac-YVAD-cmk is too long, potentially resulting in
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clearance of the inhibitor from the relevant cellular compartment. Importantly, under
all conditions only processed, but not full-length TG2 was observed, again confirming
that TG2 processing is not caspase-1 dependent; however, this indicates that caspase-

1 activity is required for TG2 secretion.
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Fig. 5.5 TG2 secretion is dependent on caspase-1 activity. TG2 secretion experiments
were performed as described in fig. 5.2, except that in A) cells were pre-incubated with 100uM ac-
YVAD-cmk for 10 minutes, and 100uM ac-YVAD-cmk was present at all times during the subsequent
P2X7R stimulation experiment (Cells from VOL005), representative of three independent experiments.
In B) cells were pre-treated with 100uM ac-YVAD-cmk for either 10 or 30 minutes prior to P2X7R
stimulation and also at all times during the experiment, or was present during the pulse and chase
periods of the experiment only (0 minutes pre-incubation) (Cells from VOL001), representative of three

independent experiments.

5.2.4. Can TG2 processing be blocked with selected protease inhibitors?

As TG2 processing was found to be independent of caspase-1 activity, the involvement
of other proteases was investigated. Initially, using general inhibitors of classes of
proteases, instead of ones specific to one particular protease, to narrow the field of
possible candidate proteases for involvement in TG2 processing. Metalloproteases

were inhibited using SmM EDTA, cathepsins (cysteine proteases) were inhibited using
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100puM E64 and serine proteases were inhibited using 10pg/ml aprotinin. Cathepsins
were specifically targeted because it has been shown that cathepsins B, L, K and S are
secreted in response to P2X7R activation (Lopez-Castejon et al. 2010), and the
respective inhibitors were chosen because of their low toxicity and therefore
compatibility with use in cell culture. DMSO is commonly used as a carrier for organic
compounds. An initial experiment with a 0.1% DMSO control showed that DMSO
itself interfered with TG2 secretion (Fig. 5.6 A). The P2X7R inhibitor, A740003,
pitstop-2 (an endocytosis inhibitor) and E64 were all reconstituted in DMSO and
therefore their effect on TG2 secretion could not be reliably assessed. The endocytosis
inhibitor was used here as TG2 is able to bind to the surface of the cell, and has been
demonstrated to undergo endocytosis (Zemskov et al. 2007). It is possible that this
occurs only to full-length TG2, preventing detection of its accumulation outside the

cell.

To ensure that this effect of the carrier was not due to the specific brand or type of
DMSO used i.e. due to a contamination in the reagent, two different brands of cell
culture grade DMSO were tested for interference with TG2 secretion. This experiment
was also performed on cells from a different individual to that used in fig. 5.6 A, to
account for the possibility of any individual-specific effects of DMSO (Fig. 5.6 B).
Therefore, it was not possible to use any inhibitor that could only be solubilised in
DMSO, as effects of the inhibitor could not be distinguished from effects of DMSO.
Hence, the P2X7R inhibitor, A740003, could not be used as it is not sufficiently
soluble in H>O. This inhibitor was substituted for 2.5mM CaCl, treatment (Fig. 5.6
C), which is capable of preventing P2X7R activation (Adamczyk et al. 2015). In the
presence of this high calcium concentration, TG2 was not secreted. It was also not
possible to use Pitstop-2, as this also required solubilisation in DMSO, so the role of
endocytosis was not further investigated. EDTA, E64 and aprotinin were soluble in
H>0, and were found to be unable to inhibit TG2 processing (Fig. 5.6 C), suggesting
that metalloproteases, select cysteine proteases and serine proteases were unlikely to

be involved in TG2 processing in the media of M1 macrophages.

To investigate further whether TG2 processing occurs in the media of Ml
macrophages, conditioned medium from M1 macrophages was incubated with

recombinant TG2. Unexpectedly, processing of the recombinant TG2 was not seen
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(Fig. 5.6 D). To exclude that freezing of the medium leads to loss of the processing
activity a wide panel of inhibitors was tested in combination with freshly collected
medium and recombinant TG2 (Fig. 5.6 E), however as TG2 processing was not seen,
the effects of these inhibitors could not be assessed. Taken together, this suggests that
TG2 processing occurs prior to its secretion into the media, and may occur
intracellularly or in a specific compartment. As no processing of TG2 in cell lysate is

seen (Fig. 5.6 B), this suggests that processing is directly linked to externalisation.
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Fig. 5.6 TG2 processing is not inhibited by a range of protease inhibitors. TG2
secretion experiments were performed as described in fig. 5.2, except that in A) cells were pre-treated
with 0.1% DMSO (vehicle control), SuM P2X7R inhibitor, 20pM pitstop 2 and 100uM E64 for 10
minutes (all in DMSO) and inhibitors were present at all times during the experiment (cells from
VOLO003). Media were analysed for TG2 by Western blotting. Experiment performed once. B) cells
were pre-treated for 10 minutes with 0.1% DMSO, either Fisher (F. DMSO) or Sigma (S. DMSO), cell
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culture grade, as indicated and DMSO was present at all times during the experiment (cells from
VOLO016). Representative of two independent experiments. C) Cells were pre-treated with SmM EDTA,
100uM E64 or 10pg/ml aprotinin (all made up in H20) for 10 minutes, and inhibitors were present at
all times during the experiment (cells from VOL002). Experiment performed once, except 2.5mM
CaCl; condition, which is representative of two independent experiments. D) control medium (fresh
OptiMem(-)) or conditioned medium (+) from M1 macrophages following BzATP stimulation (10 min
pulse) were incubated with the indicated amounts of recombinant TG2 for 18 hours at 25°C and the
sample run on a 4-20% SDS PAGE gel under reducing conditions and Western blotting performed for
TG2 (medium collected from VOLO006 cells). Note, processed form of TG2 present in conditioned
medium is of too low concentration relative to recombinant enzyme to be detected. Experiment was
performed once. E) Experiment was performed as in D (using medium from VOLOO06 cells), except that
the indicated inhibitors were present during the incubation of conditioned media with recombinant TG2,
at the following concentrations: 50uM GM6001, SmM EDTA, 1mM PMSF, ImM NEM, 10pg/ml
aprotinin, 100uM E64, 10mM benzamidine, 40uM bestatin, 10pg/ml leupeptin, 1uM pepstatin A, SuM
phosphoramidon, 100uM chymostatin. Medium was also incubated at 4°C to prevent proteolysis.

Experiment was performed once.

5.2.5. Identifying the cleavage site in TG2

Identifying the position of processing in TG2 is important as it determines the function
of the protein, in terms of activity, regulation of activity and protein interactions. It
may also provide information regarding candidate proteases involved in cleavage. It
is likely that approximately 12kDa of either the N-terminal B-sheet domain or of the
C-terminal B-barrel 2 domain is removed. Therefore, Western blots were probed using
two different monoclonal antibodies, one with an epitope in the N-terminal B-sheet
domain (A034) and the other recognising an epitope in the C-terminal -barrel (A037,
Zedira) (Fig. 5.7 A). The antibody previously used (CUB7402, Thermo scientific) is
directed against an epitope within the core domain of TG2. Both N-terminal -sheet
domain and the C-terminal -barrel domain antibodies were capable of recognising
the processed form of TG2 (Fig. 5.7 B), however, this could be due to the position of
the epitopes in this domain, as in both cases they are closer to the core domain than
the N- or C-terminus of the protein, meaning that the processing could occur closer to
the V- or C-terminus than the antibody epitope. Based on size, it is also possible that
both ends of TG2 are modified. To further investigate this, the processed form of TG2
was isolated from the medium by immunoprecipitation, using the anti-TG2 CUB7402
antibody, to allow for tandem mass-spectrometry analysis (Fig. 5.7 C). Interestingly,

both the intact and processed form were recovered from both the medium and cell
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lysates. Unfortunately, even though a very faint band was visible on the Coomassie
blue stained gel, the amount of TG2 recovered by immunoprecipitation was
insufficient to obtain a match of sufficient quality to deduce any information using

ms/ms. However, if the yield can be improved for the IP, this approach is likely to

yield further insight.
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Fig. 5.7 Identifying the processed form of TG2. A) Diagram depicting the epitopes for the
anti-B-sheet antibody (A034), anti-p-barrel 2 antibody (A037) and antibody to the core domain
(CUB7402). B) Cell experiment was performed as described in fig. 5.2, using cells from VOL006, and
two samples of BZATP treated 10 minute pulse samples were run on a 4-20% SDS PAGE gel under
reducing conditions and Western blotting performed for TG2, then probed using either the anti-p-sheet
antibody (A034, 200ng/ml) or anti-f-barrel antibody (A037, 200ng/ml). C) TG2 was extracted from
Sml conditioned medium (10 minute pulse sample) or 850ug total cell protein and immunoprecipitated
using 1pg CUB7402 antibody. 10ul of each sample was then run on a 4-20% SDS PAGE gel and
Western blotting performed using anti-TG2 antibody (CUB7402, 200ng/ml) to confirm the presence of
the correct TG2 band for mass-spectrometry analysis (from VOLO006 experiment). Experiment is

representative of using these antibodies to probe two different blots from independent experiments.
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5.2.6. TG2 binds to the cell surface of M1 macrophages

It is known that TG?2 is capable of binding to the surface of many cell types, therefore
I investigated whether cell surface binding occurred in M1 macrophages, and whether
this was affected by P2X7R activation. This was important as ‘secretion’ based on
measurement of the component in the medium alone could provide and incorrect
impression if a component is largely cell surface bound, and hence this constitutes an
overwhelming proportion of the extracellular fraction. Cells that had not been
stimulated with BZATP were used as a mock-cell surface extraction control (following
every step of the cell surface protein extraction and isolation protocol except addition
of the NHS-Biotin cross-linker) to confirm that no proteins that were not modified by
the cross-linker were isolated on the streptavidin matrix. This resulted in a very low
background and therefore confirmed specificity (Fig. 5.8 A). I was able to detect only
full-length TG2 on the cell surface, and there was not a large increase in cell-surface
associated TG2 after P2X7R activation (Fig. 5.8 A). This indicates that TG2 secretion
on P2X7R activation results in the majority of released TG2 being present in the
soluble fraction. In the presence of EDTA, which inhibits TG2 cross-linking activity
as well as metalloproteases, there was no change in the amount of TG2 on the cell
surface, indicating that the cell surface binding is not cross linking dependent and it is
not removed from the surface of the cell by metalloproteases (Fig. 5.8 A), in line with
my previous findings showing that EDTA does not prevent TG2 processing (Fig. 5.6
C). I also investigated whether there were differences in the amount of TG2 on the cell
surface after the 10 minute pulse and after a 10 minute pulse followed by a 30 minute
chase period (Fig. 5.8 B). TG2 binding to the surface of the cell during the 30 minute
chase period could account for the lack of soluble TG2 in the respective media.
However, no differences in the amount of TG2 associated with the cell surface were
seen after the 30 minute chase period when compared to a cell surface protein isolate
after the 10 minute pulse period, indicating that the cell surface pool of TG2 changes
little over the experiment, although my experiment would not detect dynamic changes
as a consequence of parallel secretion and endocytosis. HEK293 cells were also
stimulated, then the cell surface protein isolated either after the 10 minute pulse with
P2X7R agonist only or after the 10 minute pulse followed by the 30 minute chase (Fig.
5.8 C). No TG2 was found to be associated with the cell surface in any conditions,

indicating that TG2 is unable to bind to the surface of HEK293 cells.
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Fig. 5.8 TG2 is associated with the surface of M1 macrophages. Cell experiments were
performed as described in fig 5.2, except that in A) cells from VOL002 were pre-incubated for 10
minutes with 5SmM EDTA where indicated, and EDTA was present at all times during the experiment.
Following stimulation with 0.1mM BzATP (10 minute pulse only), cell surface proteins were biotin
labelled and subsequently isolated using a streptavidin column, using the Pierce cell surface protein
extraction kit. 15ul cell surface protein isolate and 15pul of the total cell protein (flow through from the
streptavidin column) were run on a 4-20% SDS PAGE gel under reducing conditions, then Western
blotting was performed for TG2 (CUB7402, 200ng/ml). Experiment was performed once. B) Cell
experiments and cell surface protein extraction was performed as in A, also using cells from VOL002,
but without an EDTA treatment group. Where indicated, cells were either treated with BZATP for 10
minutes, then cell surface protein extracted, or both the 10 minute pulse and 30 minute chase were
performed, then cell surface proteins were extracted. Representative of two independent experiments
C) Experiment was performed as described in B, except HEK293 cells stably expressing wild type
P2X7R and transiently transfected to express TG2 were used. Representative of two independent

experiments.
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5.3. Discussion

To demonstrate that the recently discovered process of TG2 secretion by activation of
the P2X7R is applicable in a more physiologically relevant cell system than the
HEK293 cell model stably transfected to express P2X7R used previously, human M1
macrophages were used. These cells were derived from monocytes extracted from
human peripheral blood, through treatment with 20ng/ml GM-CSF. Another PhD
project in this lab has demonstrated that this treatment, over 7-10 days results in
differentiation of monocytes to M1 macrophages (Jegundo dos Reis 2017). These cells
are, however, not fully activated M1 macrophages, as they have not been exposed to
the necessary stimulus e.g. LPS or cytokines. Monocytes and macrophages have been
shown to express high levels of P2X7R (Gu et al. 2000), and results in our lab suggest
that M1 macrophages also express a high level of TG2 (Jegundo dos Reis 2017). It has
been shown that monocytes express a low level of TG2, and that levels of TG2 rise as
cells differentiate (Murtaugh et al. 1984). It has also been demonstrated that
macrophages have a pool of extracellular TG2 that localizes to the surface of the cell,
and that the cell surface TG2 is active (Toth et al. 2009; Hodrea et al. 2010). Here,
Western blotting of cell lysates demonstrated expression of both TG2 and P2X7R,
however, the P2X7R appeared at a lower molecular weight than expected. This is
consistent with results previously seen in our lab in the THP-1 cell line (Adamczyk
2013), suggesting that this species of the P2X7R is present in monocytes/macrophages
generally and may be the predominant version of the receptor in this cell lineage.
Treatment of mouse and rat P2X7R with PNGase F has been shown to decrease
observed molecular weight from ~75 and ~78kDa respectively to 68kDa (Young ef al.
2007), suggesting that the ~65kDa form of the receptor observed here lacks
glycosylation. The calculated mass of the 595 amino acid full-length receptor is
69kDa. It has been suggested that the 65kDa form is a naive version of the receptor,
which can be present both intracellularly and on the cell surface (Feng et al. 2005).
The mature, fully glycosylated ~80kDa form of the receptor is mainly found on the
surface of the cell, not intracellularly (Feng et al. 2005). The band for the larger form
of the receptor may be missing from the Western blots here due to the difference in
relative abundance of the two forms, whereby the ~65kDa form of the receptor is
present in much greater levels than the ~80kDa form in whole cell lysate, meaning

that the ~80kDa form was not detected. However, given that P2X7R has at least 10
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splice variants (for humans), and that P2X7R variant B expression is widespread
(Cheewatrakoolpong et al. 2005), it is possible that the detected ~65kDa form is a

splice variant rather than the full length receptor.

Here I show that by stimulating the P2X7R with 0.1mM BzATP in primary M1
macrophages, [ was able to stimulate the release of TG2. This indicates that the process
elucidated using the HEK293 cell model is likely to be relevant more generally in
different types of cells, however, there were clearly some differences in the process
given the appearance of TG2 at approximately ~66kDa (TG2’) instead of the expected
~78kDa band in the media of the macrophages, which will be discussed later in this
section. | was able to demonstrate that this release is specific to P2X7R activation and
drives externalisation of select proteins (TG2 and thioredoxin-1), and not general
leakage of the contents of the cell as intracellular proteins such as f-tubulin and IkBa
were absent from media samples containing TG2. Using cells from several different
volunteers, I have consistently seen release of TG2’ in response to 0.1mM BzATP,
indicating that both the involvement of P2X7R and the processing of TG2 were part
of a mechanism to the population as a whole and not specific to one individual. To
further confirm that the 66kDa band seen in Western blotting was TG2 and not a result
of non-specific binding of the antibody used, Western blots were probed with several
different monoclonal antibodies targeting different epitopes of TG. This confirmed
that the observed 66kDa band is TG2. As discussed previously in chapter 4, in
HEK?293 cells thioredoxin-1 secretion is likely to occur through the same pathway as
TG2 secretion. I therefore assessed whether thioredoxin-1 is secreted on P2X7R
activation in M1 macrophages, and found that thioredoxin-1 is also secreted by these
cells on P2X7R activation. This suggests that the pathway of secretion being shared
for TG2 and thioredoxin-1 is a feature common to different cell types and therefore
may be physiologically important. As extracellular TG2 is required for essential
macrophage functions such as clearance of apoptotic cells (Szondy et al. 2003; Toth
et al. 2009), these findings start to elucidate a critical mechanism linking cell damage

to an appropriate innate immune response.

In HEK293 cells, stimulation of the P2X7R with 0.5mM BzATP results in a biphasic
receptor response, characterised by distinct patterns of ‘pore’ activity. This suggests

that further dilation of the P2X7R pore occurs at high agonist concentrations or that a
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second, unrelated mechanism is involved, absent when 0.1mM BzATP is applied
(Adamczyk 2013). It is well established that prolonged stimulation of receptor with
saturating agonist concentrations can result in cell death (Mackenzie et al. 2005). This
suggests that TG2 release could be affected when different concentrations of agonist
are applied. In M1 macrophages, 0.5mM BzATP does not appear to further enhance
TG2 secretion, and may actually result in cell death or general leakage of the contents
of the cell. This is thought to be the case due to the presence of full-length TG2 in the
media in addition to processed TG2’, suggesting that an alternative mechanism is
active under those conditions that is not seen at lower agonist concentrations. In
HEK293 cells, TG2 secretion can be first detected 5 to 10 minutes following
stimulation with BzATP, and there is then continued secretion of TG2 during at least
a 30 minute period, in the absence of BZATP. M1 macrophages, however, secrete TG2
during the 10 minute pulse with BZATP but secretion does not continue during the 30
minute chase period. This indicates a very tightly regulated secretion of TG2, requiring
the presence of the P2X7R stimulus, but also likely a mechanism that terminates
secretion as soon as the stimulus is gone (e.g. when ATP released from damaged cells

is degraded by ATPases).

The process of TG2 secretion was inhibited by the presence of 2.5mM CaCl; in the
medium, indicating that this is a P2X7R specific effect, as high levels of Ca?" in the
medium have been shown to inhibit P2X7R (Surprenant et al. 1996; Adamczyk et al.
2015). The P2X7R-specific inhibitor, A740003, appeared to block TG2 secretion,
however, the vehicle control (0.1% DMSO) also substantially inhibited TG2 secretion.
This occurred with different DMSO reagents, indicating that the effect is not due to a
specific type or contamination of the DMSO, and is a DMSO specific effect. I have
not been able to demonstrate, at this point, whether the inhibitory effect of DMSO
applies also when other functions of the P2X7R are investigated, or whether this effect
is specific to TG2 secretion. DMSO has been shown to have a variety of effects on
macrophages, at different concentrations. For example, 1% DMSO was found to
significantly increase levels of cell death in monocyte cultures (Elisia et al. 2016),
however, this is a higher level of DMSO than used here (0.1%). The same study does
not indicate that there is any effect on cell death of 0.1% DMSO, however, levels as
low as 0.08% appear to affect macrophage polarization without affecting cell viability

(Elisia et al. 2016). This suggests a general effect of DMSO on macrophages, even at
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low concentrations (less than 0.5%) usually considered ‘safe’ for cell culture and
where possible, the use of DMSO should therefore be avoided. This apparent
sensitivity to DMSO prevents the use of many inhibitors which are not soluble in

aqueous solutions, including the P2X7R inhibitor A740003.

Cells have been shown to secrete low levels of ATP into the culture media, including
in response to mechanical stimuli (Corriden and Insel 2010). It has been suggested that
changing the culture media can result in ATP release from cells (Corriden and Insel
2010), which could activate other purinergic receptors present. | therefore treated cells
with apyrase to remove endogenous ATP, prior to BzATP treatment. Removal of
endogenous extracellular ATP prevented TG2 secretion in response to P2X7R
activation by BzATP and appears to prevent TG2 processing, demonstrated by the
presence of low levels of full-length TG2 in the media. This suggests that ATP plays a
role in TG2 secretion in M1 macrophages, possibly through activation of a P2Y
receptor, which could activate downstream processes required for TG2 processing and
secretion. It is also possible that ATP has a role in the polarisation of the macrophages,
for example, it has been shown that inhibition of P2Y 11 activity affects the ability of
cells to polarise to M1 macrophages (Sakaki ef al. 2013). Therefore, removing ATP
may have diverse effects on the macrophages, thereby affecting TG2 secretion.
However, given that this is a fast event (15 min) it is likely that the effect of apyrase
in this system is a critical observation, which could also relate to the mediators
generated by apyrase, including ADP, a potent P2Y6 agonist (Communi et al. 1996),

or adenosine which activates adenosine receptors (Fredholm ez al. 2001).

P2X7R activation also results in the activation and secretion of caspase-1 (Laliberte et
al. 1999), which is required for the intracellular processing and secretion of IL-1§
(Mariathasan et al. 2006). It was therefore essential to investigate the role of caspase-
1 in TG2 processing and secretion. When cells were pre-incubated for a short period
of time (10 minutes) with an irreversible cell-permeable caspase-1 inhibitor (ac-
YVAD-cmk), TG2 secretion was prevented, suggesting that the activity of caspase-1
is required for TG2 secretion from M1 macrophages. The HEK293 cell model used
previously lacks expression of NALP3 inflammasome components, including
caspase-1 (Kawana et al. 2013), and TG2 secretion can still occur. This highlights the

difference between the processes in HEK293 cells and macrophages, and the
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importance of investigating the pathway in primary cells. However, it also highlights
that caspase-1 is not an essential component for TG2 secretion per se. It is therefore
possible that the secretion of TG2 by M1 macrophages requires its processing either
directly by caspase-1 or by a protease downstream of caspase-1 activation.
Alternatively, there may be cross-talk between inflammasome assembly and the
mechanism involved in TG2 externalisation. Interestingly, addition of the caspase-1
inhibitor during and following stimulation was ineffective, making it unlikely that

externalised caspase-1 is involved.

Exclusively full-length TG2 was detected in the lysate of M1 macrophages, indicating
that the shortened version of TG2 is not a splice variant found in these cells, and
therefore must in fact be a processed form. This processing could occur either
intracellularly, prior to TG2 secretion and be part of this secretion process, or
extracellularly after secretion has occurred. Processed TG2 was not detected in the cell
lysate, indicating that the processing occurs very quickly after P2X7R stimulation.
This also suggests that part of the mechanism of TG2 secretion is its processing, either
in response to P2X7R activation or through stimulation of another purinergic receptor
(hence the lack of release of processed TG2 when cells were pre-treated with apyrase).
However, ATP break-down products could also negatively regulate the process and
effectively constitute the negative feedback mechanism. As mentioned previously,
caspase-1 is both activated and secreted as a result of P2X7R activation (Laliberte et
al. 1999), and could therefore be responsible for TG2 processing either inside or
outside of the cell. As discussed above, it is conceivable that caspase-1 processes TG2
intracellularly, as its inhibition inside the cell appears to prevent TG2 secretion, and
this in turn could be due to a lack of processing. The processing of TG2 does not
appear to be performed by caspase-1 extracellularly, as ac-Y VAD-cmk present at the
time of P2X7R stimulation does not prevent TG2 secretion or processing. Incubation
of recombinant TG2 with recombinant caspase-1 suggests that caspase-1 is not directly
involved in TG2 processing, as the processed form of TG2 was not generated.
However, I was not able to independently verify the activity of the commercially
obtained caspase-1. Nevertheless, this suggests that if caspase-1 has a role in TG2

processing, it is likely to be through the activation of another protease.
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Cathepsins B, K, L and S, and other proteases such as MMP9 are also secreted in
response to P2X7R activation (Gu and Wiley 2006; Lopez-Castejon et al. 2010),
therefore a panel of protease inhibitors were tested for their effect on TG2 processing.
Neither E64 nor EDTA were effective in blocking TG2 processing, even with pre-
incubation of cells with these inhibitors. Furthermore, recombinant TG2 was
incubated with conditioned medium from BzATP treated macrophages and no TG2
processing was seen. As there was no processing even in the absence of any protease
inhibitor, these results suggest that the protease responsible for cleaving TG2 is not
secreted into the conditioned media, and therefore possibly being cell-surface
associated or intracellular. I cannot conclusively rule out the involvement of ADAMs
as EDTA may not block their activity effectively. The nature of the protease involved
is therefore unknown, and it was not possible to test the effect of many inhibitors to
different classes of proteases due to their requirement for organic solvent for solubility

or their toxicity for cells.

It will be important to identify the cleavage site in TG2, as dependent on where
processing occurs this may affect TG2 activity. Identifying the cleavage site may also
provide an indication as to which class of proteases may be involved. As the majority
of other transglutaminases are activated by proteolytic processing, notably in the hinge
region between core domain and B-barrel domains, it is possible that the processed
form of TG2 is still active. Splice variants lacking parts of the C-terminus have been
found to have reduced ability to bind GTP, therefore showing reduced sensitivity to
allosteric regulation of transglutaminase activity (Monsonego et al. 1997; Citron et al.
2001; Lai et al. 2007). A 55kDa form of TG2 has also been identified, which is
proteolytically processed and active (Fraij 2011). In this truncated form of TG2, the
processing occurs towards the C-terminus of the protein, again possibly removing
some of the residues required for GTP binding and therefore preventing allosteric
regulation of transglutaminase activity (Fraij 2011). In this chapter, data presented
shows that at least part of both the N- and C-terminal domain, respectively, were
present for antibodies to each of these domains to detect the presence of TG2 in
Western blotting. The epitopes for both of these antibodies were closer to the core
domain than the N- or C-terminus of TG2, respectively, therefore it remains unclear
which part of the protein is missing. To enable analysis of the processed TG2 by mass

spectrometry, TG2 was isolated from the conditioned media by immunoprecipitation
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and run on an SDS PAGE gel. This approach would allow comparison of a peptide
map of the full-length and shortened TG2, to assess which part of the protein is
retained, and as a consequence what is likely to be missing. Although TG2 was
detected in the immunoprecipitated sample in Western blotting, the amounts of protein
obtained were insufficient for successful mass spectrometry analysis. As it is essential
to know which part of TG2 is missing, an improved method for increasing the amount
of TG2 recovered from the conditioned media will be developed, to allow mass

spectrometry to be performed.

I also investigated cell surface association of TG2 as this pool of TG2 may be relevant
to macrophage function (Szondy et al. 2003; Toth et al. 2009). TG2 was found to be
cell surface associated, under control conditions (without P2X7R activation), and the
TG?2 that was present was full-length. I found that there was no substantial increase in
TG2, after P2X7R activation, suggesting that TG2 secreted through this pathway does
not become cell-surface associated, consistent with the finding that the cell surface
associated TG2 again was full-length only. A binding site for fibronectin within the N-
terminal B-sandwich domain of TG2 may be required for cell surface association
(Gaudry et al. 1999; Stamnaes et al. 2016). Hence, if the processing occurs in the N-
terminal domain of TG2, the lack of cell surface association of the 66kDa form could
be explained by loss of the fibronectin binding site. The lack of change in surface
levels of TG2 during the 10 minute stimulation with P2X7R agonist also suggests that
the cleaved TG2 is unlikely to be due to cell surface TG2 being processed, and thereby
releasing it from the surface of the cell, but that the processed TG2 is more likely to
be secreted directly into the soluble fraction and is unlikely to bind to the cell surface.
The amount of TG2 at the cell surface following a 10 minute pulse and 30 minute
chase period was also investigated, to assess whether the apparent lack of TG2 in the
media of the 30 minute chase was due to an accumulation at the cell surface. Again,
the levels of TG2 found at the cell surface were unchanged in comparison to control,
indicating that TG2 released through the activation of the P2X7R pathway is unlikely
to become cell surface associated. However, it is possible that under specific
conditions secretion and processing may be de-coupled, perhaps indicated by results
from apyrase treatment, and this may lead to secretion of the full-length enzyme that
binds to the cell surface. In HEK293 cells, TG2 was not detected at the surface. This

is likely to be due to the lack of expression of a suitable interaction partner such as
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fibronectin or GPR56, the cell surface receptor for TG2, in HEK293 cells (Adamczyk
et al. 2015). This notion again being in line with the idea that TG2 secretion and cell

surface association are independent and consecutive events.

Macrophages were also treated with EDTA and the cell surface TG2 assessed. EDTA
will have several functions, in this context. Firstly, EDTA will prevent TG2 activation
by chelating the calcium present in the medium. As EDTA had no effect on the cell
surface levels of TG2, this indicates that TG2 cross linking activity is not required for
cell surface association. Secondly, the EDTA will also inhibit MMPs present in the
conditioned medium. If MMPs were responsible for cleaving TG2 to remove it from
the surface of the cell, inhibiting them with EDTA would cause accumulation of TG2
at the cell membrane, which is not seen. EDTA also did not prevent the cleavage of
TG2 present in the medium, indicating that MMPs were unlikely to be responsible for
the processing of TG2, although cell surface associated ADAMs may be less sensitive
to inhibition by EDTA.

Taken together, the data presented in this chapter indicates that the proposed pathway
for TG2 secretion elucidated using HEK293 cells is, with some modifications,
conserved in primary macrophages and therefore likely to be physiologically relevant.
A working model outlined in Fig. 5.9 summarises the state-of-play with regards to
various hypotheses in light of my data. P2X7R activation and activation of another P2
receptor result in caspase-1 activation and processing of TG2 by an unknown protease,
followed by its secretion into the soluble fraction. Although the involvement of P2X7R
in TG2 secretion is shared between HEK293 cells and M1 macrophages, there were
some differences in the process of TG2 secretion between these cell types. These
differences include the apparent involvement of another purinergic receptor in M1
macrophages, the difference in kinetics of the TG2 release (highlighted by the lack of
TG2 secretion in the 30 minute chase period in M1 macrophages, whereas release
occurs predominantly during this period in HEK293 cells) and also the processing of
TG2 in M1 macrophages but not in HEK293 cells. Collectively, this data indicates that
ATP release from damaged/dying cells is likely to be capable of inducing TG2
secretion from M1 macrophages through activation of P2X7R, allowing an

appropriate immune response.
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Fig. 5.9 Summary diagram of possible mechanisms involved in processing and

secretion of TG2 investigated in this chapter. Several different proteins were investigated
for their involvement in TG2 release in this chapter. Different inhibitors were applied at different times
to reveal where and how the respective targets may be involved in TG2 processing and secretion in M1
macrophages. Common to all pathways investigated, I found the BzATP activation of P2X7R resulted
in TG2 secretion, inhibited by 2.5mM CaCl,. This process involves endogenous ATP but likely also
other nucleotides or derivatives thereof, possibly through activation of a P2Y receptor, inhibited when
ATP is removed by apyrase prior to BZATP stimulation or activated by a breakdown product, such as
ADP, UDP or adenosine. The exact contribution of this other receptor predicted to be involved is
unknown. P2X7R activation leads to caspase-1 activation, shown to be important in this context through
intracellular caspase-1 blocking using ac-YVAD-cmk. A) Caspase-1 itself could process TG2 inside
the cell, resulting in secretion of TG2’, however recombinant caspase-1 was unable to cleave TG2. It is
therefore more likely that there is some cross-talk between inflammasome assembly or caspase-1
activation and TG2 release. Therefore, the hypothesis shown in B) is more likely to be the process by
which caspase-1 is involved in TG2 secretion. In this hypothesis, downstream of caspase-1 another
protease could be activated, processing TG2 inside the cell resulting in secretion of TG2’. C) Full-
length TG2 could be secreted into the soluble fraction, with unknown steps occurring between caspase-
1 activation and TG2 secretion, with TG2 then being processed extracellularly by an unknown protease.
Cleavage of TG2 would have to occur very quickly in this scenario, due to the absence of large amounts

of full-length TG2 in the conditioned medium. Several protease inhibitors did not prevent TG2
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processing in the medium, suggesting that this is unlikely to be the location of TG2 processing. D) Full-
length TG2 is secreted in a manner that results in its attachment to the cell membrane, where it is then
processed by an unknown protease, releasing TG2” into the media. As the pool of cell-surface associated
TG2 was unchanged on P2X7R activation, this seems unlikely as some accumulation would be expected

prior to the processing occurring.
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6. The impact of sequence polymorphisms in P2X7R on TG2 secretion

6.1. Introduction

The human P2X7R has been found to be highly polymorphic, with 32 currently known
common non-synonymous single nucleotide polymorphisms (Fuller ef al. 2009). The
1000 human genome project identified over 35000 SNPs in P2RX7, as listed in the
Ensembl database (Auton et al. 2015). Polymorphisms in the coding sequence have
been found to be associated with specific populations, with some present in people
with Caucasian European ancestry but absent from some Asian populations (Fuller et
al. 2009). This indicates that there has been selective pressure for certain variants of
the P2X7R across different populations due to different environmental or disease
factors, for example the presence or prevalence of different bacteria. Functional
polymorphisms in the P2X7R have been linked to various diseases, indicating the
importance of the role of P2X7R in immunity and pain perception. For example, a loss
of function polymorphism was found to reduce the effectiveness of macrophages
against Mycobacterium tuberculosis (Fernando ef al. 2007). Polymorphisms discussed
in this section are indicated on fig. 6.1, demonstrating the position of these mutations

in relation to P2X7R transmembrane structure.
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Fig. 6.1 Schematic showing positions of P2X7R polymorphisms discussed in this

chapter. P2X7R polymorphisms are indicated at their approximate positions, relative to the

transmembrane structure of the receptor. Amino acid changes resulting in gain of function are
indicated as red triangles, those with unknown or neutral effects are shown as orange circles and

those resulting in loss of function are indicated as green rectangles.
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A number of P2X7R polymorphisms have been identified which result in increased
activity of the receptor, for example H'>Y is a polymorphism causing increases in
both Ca?" and ethidium uptake by the cell, indicating that it affects both ion channels
and membrane pore formation (Portales-Cervantes et al. 2012). It has been suggested
that the increased function observed with this receptor is due to either increased total
protein expression (Ursu ef al. 2014) or increased presence on the cell surface (Bradley
et al. 2011), rather than direct effects on the activity of P2X7R. H'3°Y has been linked
to increased post-mastectomy pain and pain in osteoarthritis (Sorge ef al. 2012) and is
also a risk factor in febrile seizures, where seizures occur without an underlying health
condition (Emsley et al. 2014). There are also P2X7R mutations which result in
increased receptor function due to direct effects on the receptor, for example the A3*T
mutation discussed in chapter 3 results in a hyperactive receptor due to modulation of
channel opening as the residue is located in the second transmembrane domain, and
forms part of the channel (Stokes et al. 2010). Substitution of A**® with amino acids
with the smallest side chains (For example A3*¥G) results in increased currents, and
amino acids with the largest side chains (For example A3®F) result in decreased
currents (Bradley et al. 2011). This suggests that the residue present here directly
affects the properties of the P2X7R channel. The A3**T mutation has been found to be
linked with anxiety disorder (Erhardt ef al. 2007) and post-menopausal osteoporosis
(Jorgensen et al. 2012), as well as reducing the effects of Toxoplasma gondii infection

in a foetus (Jamieson et al. 2010).

There are also several known polymorphisms that result in decreased receptor
function. R?’°H reduces ethidium uptake, indicating that it causes reduced membrane
pore formation by the P2X7R (Stokes et al. 2010). This residue is located in the
extracellular domain in a region that undergoes a conformational change during
activation, meaning that the respective amino acid change potentially interferes with
this conformational change, resulting in reduced activity (Caseley et al. 2014). The
R?7°H mutation has been linked to decreased pain in both mastectomy patients and in
osteoarthritis (Sorge et al. 2012). The E*%A amino acid exchange in the C-terminus
also results in reduced ethidium uptake but importantly has similar ion channel
properties to wild-type P2X7R, suggesting a role in membrane pore formation only
(Cabrini et al. 2005). However, other data suggest that this mutation affects both ion

channel formation and membrane pore formation (Roger et al. 2010). It has also been
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suggested that this polymorphism reduces IL-18 release (Sluyter et al. 2004). As this
receptor appears to have normal surface expression, the effects of the mutation are
likely to be protein structure related, rather than due to expression level differences
(Gu et al. 2001). In contrast, the I°*®N mutation, which also reduces Ca®* influx and
dye uptake, results in decreased surface expression (Wiley et al. 2003). This decrease
is likely to be due to the presence of the mutation in the 551-581 region, known to be

important for membrane trafficking of the receptor (Smart ef al. 2003).

The Q%R mutation occurs in the C-terminus of the P2X7R and appears to have a
minimal effect on P2X7R functionality (Roger et al. 2010). Several different groups
have studied the effect of this mutation on P2X7R, some finding that there was no
effect (Cabrini et al. 2005; Roger et al. 2010), another found slight hyperactivity
(Denlinger et al. 2006) and another a small reduction in membrane pore formation
(Stokes et al. 2010). Despite an apparent lack of effect on P2X7R, Q%R has been
linked to mood disorders such as bipolar disorder (Barden et al. 2006) and major
depressive disorder (Lucae ef al. 2006). This suggests that there should be an effect of
this mutation on the function of P2X7R, however, it has also been found to be co-
inherited with mutations increasing receptor function, A>T and H'3Y, as well as with
R2?7°H, which reduces receptor function (Stokes et al. 2010). It is therefore possible
that the causes of these mood disorders are related to these linked mutations with clear
functional effects on the P2X7R, rather than Q*°R itself. Both, H!3’Y and Q*R, have
been linked to patients more likely to experience severe sepsis following surgical
trauma (Geistlinger et al. 2012). A**¥T and Q*°R have been linked to increased bone
mineral density and decreased vertebral fracture post-menopausally, where
osteoporosis incidence rises (Jorgensen et al. 2012). In both of these cases, it could
again be due to the linked inheritance that Q4R has been identified as contributing to
these diseases alongside other polymorphisms. It is also possible that a combination
of SNPs in frans produces functionally very different receptors from those formed by

a single allele, i.e. a homotrimeric receptor.

Analysis of the various known polymorphisms in P2X7R demonstrates that there can
be a variety of reasons why a mutation affects receptor activity. These can be direct,
through affecting agonist affinity or channel opening, or indirect, by affecting total

protein or cell surface expression, as outlined above. Added to these different factors
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affecting P2X7R functionality is the complexity of co-inheritance of certain
polymorphisms, for example Q*°R being co-inherited with a variety of other
mutations (Stokes et al. 2010). There is also linkage disequilibrium between E**°A and
H'53Y, a mutation that decreases activity and a mutation which increases activity
respectively (Fuller ef al. 2009), suggesting that mutations that may have unfavourable
effects on the P2X7R function may be inherited alongside mutations that could

counteract the negative effects.

A study assessing the possible co-inheritance of P2X7R mutations found a haplotype
block, where 4 mutations were more likely to occur together — A3*T, T37S, Q*°R and
E*°A (Fuller et al. 2009). This study found that 5 common haplotypes of P2X7R were
present in the Caucasian population (study of over 3000 individuals). This includes
the wild-type P2X7R (P2X7-1), which occurs at the highest frequency (34% of the
population tested, table 7.1), a haplotype containing only the A3**T mutation (P2X7-
2) and a haplotype containing only T3S, a loss of function polymorphism (P2X7-5).
P2X7-3 contains both the A**¥T and E*°A polymorphisms, which results in decreased
function of the receptor. Finally, P2X7-4 contains both Q*®°R and A3*®T, which results

in increased activity of the receptor.

Table 7.1 Population frequencies of five P2X7R variants. Data reproduced from (Fuller

et al. 2009).

Receptor | Population

Polymorphisms | function frequency

P2X7-1 | Wild-type Wild-type 0.342

P2X7-2 | AT Increased 0.232

P2X7-3 | AT, E*¥%A Decreased 0.175

P2X7-4 | AT, Q'R Increased 0.169

P2X7-5 | T¥'S Decreased 0.082

As the human P2X7R is known to be highly polymorphic, variations in the receptor
could impact on TG2 secretion, particularly those that impact on receptor pore

functionality. Therefore, the aims of this chapter are:

1. Investigate whether the release of TG2 is different in different individuals,

e.g. do some individuals show increased or decreased TG2 secretion?
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2. Sequence genomic DNA to identify variations in the P2X7R of individuals
and correlate the TG2 secretion findings with sequencing data, to assess

how mutations affect TG2 secretion.
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6.2. Results
6.2.1. Expression levels of P2X7R and TG2

Firstly, it was necessary to establish whether there were significant differences in
P2X7R or TG2 expression, which may affect levels of TG2 secreted by cells.
Monocytes were isolated from human peripheral blood and differentiated into M1
macrophages, as in chapter 5, using GM-CSF. By performing Western blotting using
equivalent amounts of total cell protein, I found that in the volunteers used here there
were no large differences in TG2 or P2X7R expression; that would explain overt
changes in TG2 secretion, as shown in chapter 5 (Fig. 6.2). There were small
differences in expression levels of both TG2 and P2X7R but these were not considered
to be significant enough (such as almost complete absence of TG2 or P2X7R
expression) to substantially alter TG2 secretion, although I have only analysed total

P2X7R and not cell surface-associated P2X7R.
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Fig. 6.2 Expression of P2X7R and TG2 in all volunteers. Monocytes were isolated from
human peripheral blood using centrifugation through Ficoll Paque, then cultured for 7 days with
20ng/ml GM-CSF. Cells were lysed and Western blotting performed using 10pg total cell protein run
on a 4-20% SDS PAGE gel under reducing conditions and blotted for TG2 (CUB7402, 200ng/ml),
P2X7R (Sc-25698, 2pg/ml) and B-tubulin (TUB2.1, 2.6ug/ml). Blot shown is of 7 volunteers,
representative of all 16 volunteers tested. P2X7R was activated using 0.lmM BzATP and media were
analysed for TG2 using Western blotting. Result indicates whether an agonist-specific response was

detectable, given as yes/no (Y/N). Expression levels showed no correlation with functional response.
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6.2.2. Do different individuals respond differently to P2X7R activation?

As all individuals expressed both P2X7R and TG2, any differences in TG2 secretion
after P2X7R activation were not due to a lack of expression of either protein. Fig. 6.3
A illustrates and example where TG2 release did occur in response to P2X7R
activation using 0.1mM BzATP, which was observed for 11 of the 16 individuals
tested. The 66kDa, processed form of TG2, was the form detected in the medium for
all individuals, as described in the previous chapter. When M1 macrophages from an
individual who secretes TG2 in response to 0.1mM BzATP were treated with 0.5mM
BzATP (saturating agonist), some individuals secreted modestly increased amounts of
TG2 (Fig. 6.3 B), whereas others secreted modestly decreased amounts (Fig. 6.3 C).
Notably, in both Fig. 6.3 B and C, treatment of cells with 0.5mM BzATP resulted in
the release of full-length TG2, which is possibly due to non-specific leakage of a
proportion of the content of the cells due to cell necrosis. Finally, there was also one
individual where TG2 release only occurred at 0.5mM BzATP, with 0.1mM BzATP
apparently being insufficient to induce TG2 secretion (Fig. 6.3 D). In this individual
0.5mM BzATP stimulation induced exclusively the processed form of TG2 suggesting
that this individual harbours a receptor with reduced agonist sensitivity. However, cells
from this individual have only been tested once, therefore to confirm that there are
individuals who require higher agonist concentrations and to rule out experimental
issues, this experiment will need repeating. In all cases, TG2 release occurred during
the initial 10 minute BzATP application, and did not continue during the 30 minute

chase period in the absence of BZATP.
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Fig. 6.3 Pattern of TG2 secretion in response to BZATP mediated activation of

P2X7R in various individuals. A (VOL002, representative of three independent experiments),
B (VOLO014, experiment performed once), C (VOLO006, representative of three independent
experiments) and D (VOLO0O0S) (experiment performed once) M1 macrophages, generated as described
in fig. 6.1, were stimulated using 0.1mM or 0.5mM BzATP in OptiMem or with OptiMem control alone
for 10 minutes (pulse), then fresh OptiMem without BZATP was added for a further 30 minutes (chase).

185



Cells were lysed after stimulation and 500ul media or 10pul lysate were run on a 4-20% SDS PAGE gel
under reducing conditions, and Western blotting performed for TG2 (CUB7402, 200ng/ml).

Although in many individuals TG2 release was observed in response to BzATP
treatment, there were also individuals identified who did not release TG2 in response
to either 0.1mM or 0.5mM BzATP (Fig. 6.4 A and B). This was five of the 16 (~31%)
individuals tested. This suggests that while the majority of the population are capable
of secreting TG2 in response to P2X7R activation, about 1/3 do not appear to do so.
Despite lacking secretion of the processed form of TG2, the full length form of TG2
was still observed in the conditioned media after application of 0.5mM BzATP. This
substantiates that the full-length enzyme is released in a different way than the
processed enzyme, as discussed previously. Fig. 6.4 B shows an individual where a
low level of TG2 secretion occurs at baseline, but does not increase in response to
BzATP application. In these individuals, as seen for ‘responders’ (individuals who
secrete TG2 in response to BZATP), there is no TG2 detected in the conditioned media
during the 30 minute chase period. This indicates that the lack of TG2 secretion is not
due to a delayed response. As the differences in TG2 secretion may relate to
polymorphisms in P2X7R, DNA was extracted and sequencing performed in an

attempt to identify the underlying mechanistic explanation.
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Fig. 6.4 Lack of response to BZATP treatment of M1 macrophages isolated from

some individuals. A (VOLO013, representative of two independent experiments) and B (VOL004,

representative of two independent experiments) M1 macrophages, generated as described in fig. 6.1,
were stimulated using 0.1mM or 0.5mM BzATP in OptiMem or OptiMem control for 10 minutes
(pulse), then fresh OptiMem without BZATP added for a further 30 minutes (chase). Cells were lysed
after stimulation and 500ul media or 10pul lysate were run on a 4-20% SDS PAGE gel under reducing
conditions, and Western blotting performed for TG2 (CUB7402, 200ng/ml).

6.2.3. Identifying mutations in P2X7R affecting TG2 secretion

To investigate the potential involvement of P2X7R polymorphisms in differences in
TG2 secretion, genomic DNA was extracted from whole blood and PCR performed to
amplify individual exons (Fig. 6.5). The PCR product was run on a gel and the band
of the appropriate length extracted. The resulting DNA was used for sequencing. So
far, only four of the volunteers used have been sequenced fully, and hence only these
can be used to allow assessment of the contribution of their mutations to TG2 release.

The mutations found in these individuals are summarised in table 6.2.
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Fig. 6.5 PCR products of P2X7R exon amplification of VOL004 DNA. After PCR
was performed to amplify individual P2X7R exons, a 1% agarose gel was run to allow extraction of the
band of the desired size, ringed in red. Intense bands were gel extracted and DNA sequenced, less
intense bands (for example, as seen here in exon 2) were used for a second round of PCR, then

sequenced.

Table 6.2 Mutations present in fully sequenced individuals.
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Volunteer 004 and 013 were both found to lack secretion of TG2 in response to P2X7R
activation. Both of these individuals have the R?7°H mutation, which is absent from
the two fully sequenced volunteers who do release TG2 in response to P2X7R
activation. None of the other SNPs identified were shared by these 2 individuals who
fail to secrete TG2. However, R?’°’H has been found in homozygote form in an
individual who does secrete TG2 (Table 6.3 summarises all of the mutations found so
far). VOLO013 also contains the A>**T mutation, also present in VOL006, who does
secrete TG2, and Q*°R, which has also been identified in another individual who
secretes TG2. VOL004 also has the V’°A and E**°A mutations, present in both of the
fully sequenced responders and H'3®Y, present in one of the other fully sequenced
responders. These findings highlight the complexity of the polymorphisms of the
P2X7R, where combinations of mutations may affect the functionality differently than
an individual mutation, or the effect of mutations may be effectively cancelled out by
the presence of another mutation. It is also important to highlight that these mutations
were frequently heterozygous, indicating that the expressed receptors may not carry
these mutations, or the mutation may be present in only some of the expressed

receptors.

A summary of all of the mutations found so far is presented in table 6.3. Additional
mutations were found, other than the ones present in the four individuals summarised
above, in the other volunteers, however, due to a lack of sequence data for much of
the P2X7R gene, it is not possible to meaningfully discuss these mutations in the
context of TG2 secretion at this point. It appears that there are certain mutations that
are likely to be present at a high frequency within the population. In particular, both
AT and E*%A were found in 50% of the sequenced volunteers, suggesting that they
are highly prevalent. They were also present with a high frequency in individuals who
secrete TG2 on P2X7R activation, however, as the contribution of other mutations in
combination with these has not been assessed, the direct involvement of these
mutations cannot be confirmed or ruled out. On the other hand, several mutations
appear to be rare, for example, the T>*’S, which has so far only been identified in one
individual who was capable of releasing TG2 in response to BZATP (at 0.5mM). The
S?“N mutation was also only identified in one individual, despite 13 of the 16
volunteers’ DNA for the relevant exon having been sequenced. The individual carrying

this mutation was incapable of secreting TG2 in response to BZATP treatment. Further
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sequence analysis is required to establish the effect of these mutations on TG2

secretion. However, given that non-responders were relatively common, the

underlying reason is unlikely to be rare SNPs.

Table 6.3 Summary of all mutations found so far in sequencing analysis. Sample

size refers to the number of volunteers for whom the relevant exon, in which that mutation would

be found, has been sequenced. Number of affected individuals indicates the number of volunteers

found to carry the indicated mutation. ‘Responders’ were those who release TG2 on P2X7R

activation, and ‘non-responders’ were those who do not. *indicates that one of the individuals

was the volunteer found to secreted TG2 only at 0.SmM BzATP.

ExXAC frequency
Sample | N° affected non-Finnish

Mutation | size individuals | Responders | Non-responders | Caucasian
V76A 5 3 2 1 0.068
H155Y 5 2 1 1 0.39
K160N 5 1 1 0 N/A
R27°H 13 5 1 4 0.26
S?74N 13 1 0 1 N/A
G358 8 1 1 0 N/A
A348T 16 8 6* 2 0.39
T357S 16 1 1* 0 0.077
Q*6OR 16 2 1 1 0.17
E496A 16 8 6 2 0.18
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6.3. Discussion

The work presented in this chapter demonstrates that intrinsic differences exist with
regards to TG2 secretion in different individuals. Approximately 69% of the
individuals tested were capable of secreting TG2 in response to treatment with BzATP,
with one of these individuals requiring 0.5mM BzATP for secretion to occur. The
remaining 31% of individuals tested were unable to secrete TG2 in response to BZATP.
This is consistent with previous data, which suggest that mutations causing loss of
function in P2X7R are present in approximately 35% of the Caucasian population
(Stokes et al. 2010). As the human P2X7R is known to be highly polymorphic, it was

likely that this difference in TG2 secretion was due to specific mutations in P2X7R.

Genomic DNA sequence analysis identified changes that translated into amino acid
sequence changes in every tested individual. The V’®A mutation occurs in the
extracellular domain of the receptor and has been linked to increased responses by the
P2X7R, increasing both calcium uptake and ethidium uptake (Oyanguren-Desez ef al.
2011), related to ion channel and membrane pore formation respectively. This
mutation has been demonstrated to increase the effect of another common gain-of-
function polymorphism, H'33Y, when expressed in the same receptor (Oyanguren-
Desez et al. 2011). VOL006, who is a responder in terms of TG2 secretion and for
whom complete P2X7R sequencing has been performed, is heterozygous for both
VA and H'5%Y, as well as another polymorphism A3*T that causes receptor
hyperactivity. This individual is also heterozygous for E**°A, a mutation which has
been identified to decrease receptor responses by 50% where it is heterozygous (Gu et
al. 2001), as seen here in VOL006. The presence of this latter mutation could therefore
downregulate the P2X7R response, returning it to a ‘normal’ level, effectively
cancelling out some of the increased activity due to the other mutations. However, as
absolute quantitation of TG2 secretion proved difficult, it remains unknown whether

the TG2 secretion in this individual is increased in comparison to other individuals.

Similarly to VOLO006, the non-responder VOL004 is also heterozygous for VA,
H'3Y and E**A. In addition to these mutations, VOL004 has an R?’°H mutation, a
loss of function polymorphism (Stokes et al. 2010). Therefore, in this case, the
presence of both E*%A and R?’°H loss of function polymorphisms is likely to be the

cause of the lack of TG2 secretion, counteracting the effect of gain of function
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polymorphisms, VA and H'>Y. It has been shown previously that mutating H'>>Y
and H?"°R back to their original amino acids in a variant also carrying A3*T reduces
the gain of function effect by 37%, suggesting that the A3*3T accounts for the majority
of the hyperactivity seen in variants carrying this mutation (64% of the hyperactivity)
(Stokes et al. 2010). This indicates that VOL004 is lacking the most important gain of
function mutation, possibly explaining why VOL004 has a lack of TG2 secretion
phenotype, despite containing two gain of function SNPs.

VOLO13 is also heterozygous for R?7°H, alongside Q*®°R, which appears to have no
substantial effects on P2X7R function (Roger ef al. 2010). Q*°R has been proposed
to cause an increased response in P2X7R activity, although this is suggested to be due
to its co-inheritance with the A3®T mutation, known to cause gain of function in
P2X7R (Stokes et al. 2010). VOLO013 is homozygous for A3*¥T, suggesting that in this
case the two mutations were co-inherited on one of the alleles, as has previously been
predicted to be likely (Stokes et al. 2010). Despite the presence of the gain of function
mutation, A3®T, VOLO013 does not secrete TG2 in response to BzATP treatment,

suggesting that the loss of function R?’°H mutation has a dominant effect.

VOLO0O01 is homozygous for the E*®A mutation, of which homozygosity has been
shown to cause almost complete loss of P2X7R activity (Gu ef al. 2001). Despite this,
VOLO0O01 was still capable of releasing TG2, possibly due to the presence of the V7°A
mutation on one allele, partially rescuing P2X7R function. This individual may show
decreased TG2 secretion in comparison to what would be expected for a wild-type
receptor, but due to the lack of an assay capable of quantifying the amount of TG2 in
the media it was not possible to measure this. A commercial ELISA assay that was
tried was shown to lack the necessary sensitivity. To enable more in-depth analysis of
the effects of these mutations on TG2 secretion, an assay needs to be established

allowing TG2 quantification and therefore comparison between individuals.

In all individuals, including those that were not fully sequenced, E**°A and A3*T were
the most commonly occurring P2X7R polymorphisms. In general, these were more
likely to be found in individuals who secreted TG2 in response to BZATP stimulation.
For A48T, this is as would be expected, given that it is a gain of function polymorphism
(Stokes et al. 2010). As discussed previously, the E**A mutation reduces P2X7R

function, and would therefore be expected to be found more commonly in non-
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responders (Gu et al. 2001). However, linkage disequilibrium has been found between
E*°A and H'>°Y (Stokes et al. 2010), a mutation causing hyperactive function of the
P2X7R (Portales-Cervantes et al. 2012). H'>3Y was also found in 2 of 5 individuals,
and is possibly responsible for secretion occurring where the E**°A mutation is also
present. The R?’°H mutation was also found in a large number of sequenced
individuals, with all but one being unable to secrete TG2. This is consistent with prior
observations that R?°H leads to reduction in ethidium uptake (Stokes et al. 2010),
therefore being associated with reduced P2X7R pore formation, and consequently

resulting in a decrease in TG2 secretion.

Some SNPs occur much less frequently, for example, S?’#N was identified in only one
of 13 sequenced individuals. This mutation does not appear to have been previously
reported in the literature, therefore the exact effects of this mutation on receptor
function are unknown. The one individual identified as having this mutation did not
secrete TG2 in response to BzATP stimulation suggesting that it may reduce receptor
function. It is also possible that this individual has other mutations in P2X7R that lead
to the reduction in function. The G**S mutation was also only identified in one
individual out of 8 sequenced, however in this case the one individual was able to
secrete TG2 in response to BzATP treatment. The G3*°S mutation to my knowledge is
not specifically discussed in the literature, however a G3*Y exchange has been
introduced into the P2X7R by site-directed mutagenesis and overexpressed in
microglia (Monif et al. 2009). In these cells, this mutation was found to prevent
P2X7R membrane pore activity, without affecting the ion channel (Monif et al. 2009).
This suggests that this residue is important for P2X7R pore formation. However, the

specific effect of G3*3S substitution is unknown.

Due to the fact that each individual carries multiple heterozygous mutations, and
possible cumulative effects of mutations on the same allele, it is difficult to assess the
effects of each mutation, and the combination of mutations, on TG2 secretion. It will
therefore be interesting to express combinations of these mutations in P2X7R in
HEK293 cells, both in cis and in trans, to allow a more in depth analysis of their
effects. However, as this encompasses a significant effort in experimentation, a first
step should include the expansion of the current data set to more clearly identify the

potential polymorphisms involved and therefore relevant to subsegently
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systematically investigate. It is also important to note that the expression levels of each
of the alleles are unknown, and could differ either due to regulation at the DNA or
RNA level, leading to favoured expression of one allele, or at the protein level in terms
of targeting the protein for degradation or lack of expression at the surface of the cell
due to the presence of an unfavourable polymorphism. It is therefore not possible to
know which receptor subunit is actually present at the cell surface, and in which
combination and therefore to what extent the identified mutations were affecting TG2

secretion.
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Chapter 7
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7. General Discussion

In this thesis I have presented work which furthers our understanding of the
mechanism of TG2 secretion in the context of inflammation. Our group has previously
demonstrated that rapid TG2 secretion can be induced by P2X7R activation, in a
manner independent of P2X7R ion channel function (Adamczyk 2013; Adamczyk et
al. 2015). Here, I have demonstrated that this process relies on membrane-pore
formation by the receptor, and ruled out any involvement of pannexin-1. P2X7R is
activated by ATP (Burnstock 2007), which can be released by damaged cells
(Lazarowski et al. 2003). This may occur in OA due to excessive mechanical stress
experienced by joint tissues. Extracellular TG2 may then induce chondrocyte
hypertrophy and tissue mineralisation (Aeschlimann e al. 1993; Aeschlimann et al.
1996; Johnson and Terkeltaub 2005), contributing to the pathology of OA. This
presents the P2X7R as a possible target for pharmacological modulation to alter TG2
secretion and thereby alter the disease process. It is also possible that P2X7R
polymorphisms could contribute to either disease susceptibility or disease severity and
population screening for such polymorphisms could therefore aid in assessing disease
risk in general or risk for progressive disease. Due to the involvement of TG2 in the
generation of immunogenic neo-epitopes in RA, coeliac disease and possibly also OA,
P2X7R modulation in any of these diseases may reduce disease burden or alleviate

progressive autoimmunity by reduction of extracellular TG2 activity.

Iinvestigated the role of TG2 activity regulation in its secretion. I found that the ability
of TG2 to bind to GTP is essential for its secretion upon P2X7R activation. GTP
binding may be required due to the conformation adopted by TG2 when this occurs (a
compact, ‘closed’ conformation) (Pinkas et al. 2007). Although counterintuitive, this
finding is supported by previous studies demonstrating that secretion of a TG2 GTP
binding mutant is reduced (Johnson and Terkeltaub 2005). However, it is also possible
that energy generated from hydrolysis of GTP is required in the export process. [ have
also demonstrated that in human cells the TG2-activating protein thioredoxin-1 is
secreted through activation of P2X7R, as has also been demonstrated by Rothmeier et
al. for mouse bone marrow cells (Rothmeier et al. 2015). However, my data suggest
that thioredoxin-1 activity is not required for TG2 export per se. These findings
demonstrate that the TG2 secreted through the P2X7R pathway is highly likely to be
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active extracellularly, and due to a possible co-secretion with thioredoxin-1, this
activity may be persistent in the context of inflammation and possibly drive disease

Pprocesses.

Here, I have been able to translate these mechanistic findings from a HEK293 cell
model to M1 macrophages derived from human peripheral blood monocytes, a
physiologically relevant context as both P2X7R and TG2 are expressed in these cells
and are of functional significance in innate immunity. The primary cells showed some
differences in TG2 secretion when compared to the HEK293 model, likely to be due
to expression of a wider panel of receptors capable of responding to ATP or ATP-
derived products, as well as expression of components of the NLRP3 inflammasome
pathway. Firstly, the secreted form of TG2 is a processed version, running at ~66kDa
in SDS PAGE, instead of the expected 78kDa full-length form. It has been shown that
the autoantibodies generated in Coeliac disease are unable to recognise cell surface
associated TG2 and only recognise soluble TG2 (Iversen et al. 2013). As I observed
that cell-surface associated TG2 is full-length, whereas the form in the soluble fraction
is a 66kDa processed form, it is possible that the autoantibodies are specific to epitopes
only exposed on this processed form. Therefore, the disease-generating form of TG2
may in fact be the 66kDa processed form of TG2 detected in conditioned media in my
experiments. Secondly, in M1 macrophages, there also appears to be a role for caspase-
1 in the secretion of TG2, which was unexpected as HEK293 cells do not express
caspase-1 and were still capable of TG2 secretion. This suggests that caspase-1
involvement is not essential to the process, but is involved in some way. Caspase-1
may activate the protease involved in TG2 processing, or of another yet to be identified

pathway contributing to TG2 secretion.

7.1 TG2 secretion involving vesicles

P2X7R activation has been shown to result in microvesicle shedding by cells
(Pizzirani et al. 2007; Adamczyk et al. 2015). Previous work in our lab has shown that
TG2 is absent from such microvesicles and is only present in the soluble protein
fraction (Adamczyk et al. 2015). However, other studies have found that TG2 is
released in microvesicles from cancer cells, in response to serum starvation (Antonyak
etal 2011). TG2 has also been suggested to be constitutively released in microvesicles

from mouse vascular smooth muscle cells, in a manner dependent on TG2 activity
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(van den Akker et al. 2012). We have demonstrated that regulated TG2 secretion as a
result of P2X7R activation does not require enzymatic activity, as the C?7’S active site
mutant is still externalised (Adamczyk et al. 2015). TG2 has been shown to localise
to the surface of microvesicles after externalisation and to associate with fibronectin
(Antonyak et al. 2011). Therefore, it is possible that TG2 is binding to the surface of
the microvesicle after externalisation, and is not being secreted as the cargo of the
microvesicles. Furher work is needed to clarify the relationship between membrane
topology and TG2. The mechanism discovered by us results in large increases in
extracellular TG2 on a very short time scale (10 minutes), in a regulated manner. This
does not necessarily explain all of the previous findings and it is therefore possible
that TG2 can be secreted through different mechanisms — one for constitutive release
and another for acute release in specific situations (i.e. where extracellular ATP is
elevated), requiring regulated TG2 secretion. This would allow rapid rises in the levels

of extracellular TG2 during the inflammatory response, for example.

TG2 has also been proposed to be associated with recycling endosomes, through
identification of TG2 in vesicles expressing Rabl1 (a recycling endosome marker)
(Zemskov et al. 2011). This process has been shown to require an interaction with
phosphoinositides, as mutation of a binding motif in TG2, thought to be important for
this interaction, reduced the level of TG2 at the cell surface (Zemskov et al. 2011).
Preventing the fusion of endosomes with the plasma membrane also reduced the rate
of TG2 secretion (Zemskov et al. 2011). The binding site for phosphoinositides in TG2
is located in the B-barrel 2 domain of TG2. However, absence of this domain has been
shown to have no effect on TG2 secretion by another group (Chou et al. 2011),
contradicting the data suggesting the phosphoinositide interaction is required for
secretion. It is unclear whether these differences relate to the fact that different
biological systems or cell types were employed and reflect true differences between
different types of cells or whether technical limitations of the experimental approach
lead to these contradictory conclusions. It is important to note that TG2 has also been
shown to be actively endocytosed via LRP1 and transferrin receptor {Zemskov, 2007,
Cell-surface transglutaminase undergoes internalization and lysosomal degradation:
an essential role for LRP1} and hence retrograde transport from the surface would

explain its presence in the endosome pathway.
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7.2 The role of fibronectin or heparan sulphate binding in TG2 secretion

Several groups have assessed the impact of fibronectin binding on TG2 secretion. The
N-terminal B-sandwich domain of TG2 was shown to be crucial for the interaction of
TG2 with fibronectin, and absence of this domain prevented cell-surface association
of TG2, potentially suggesting that export was also prevented (Gaudry et al
1999){Cardoso, 2017, Dissecting the interaction between transglutaminase 2 and
fibronectin}. Chou et al. demonstrated that this effect was related to deletion of aa88-
106 in the B-sandwich domain. Addition of this motif to the core domain of TG2 (a
construct lacking the B-sheet and both B-barrel domains) restored its externalisation
(Chou et al. 2011). This suggested that fibronectin binding is involved in TG2
secretion, and that TG2 could be co-secreted with fibronectin. However, fibronectin
knockout did not prevent TG2 secretion, suggesting it is a different effect of this
domain rather than direct fibronectin binding that influences TG2 secretion (Chou et
al. 2011). Introduction of either D**A or D°’ A mutations in this domain are proposed
to disrupt the 3D structure of the loop formed by the fibronectin binding domain
{Hang, 2005, Identification of a novel recognition sequence for fibronectin within the
NH2-terminal beta-sandwich domain of tissue transglutaminase}. Either of these
mutations alone was shown to reduce TG2 secretion by 50% and both together
completely prevented secretion (Chou ef al. 2011). Due to the position of these
mutations, it is possible that the effect seen of mutations in this region on TG2
secretion are due to the conformational changes they induce, rather than fibronectin
binding directly. As fibronectin is a conventionally secreted protein, it is highly
unlikely that TG2 and fibronectin would be present in the same place inside the cell,
due to the difference in secretory pathways. It is therefore more likely that the
‘secretion’ being measured is in fact binding of TG2 to fibronectin extracellularly, at

the surface of the cell, after externalisation of both proteins via independent pathways.

TG2 has also been demonstrated to be capable of binding to heparan sulphates, in a
GTP dependent manner, where GTP bound TG2 has a higher affinity for heparan
sulphate than ‘open’ conformation TG2 {Lortat-Jacob, 2012, Transglutaminase-2
Interaction with Heparin: Identification of a heparin binding site that regulates cell
adhesion to fibronectin-transglutaminase-2 matrix }. This could be consistent with my

finding that GTP-binding of TG2 is required for its secretion and hence may be of

199



significance functionally. In syndecans-1 to -4, the proteoglycan makes up the protein
core, with heparan sulphate side chains. Activation of MMPs results in proteolytic
processing of syndecan, releasing the heparan sulphate-rich ectodomain into the
extracellular environment (Brule et al. 2006), specifically syndecan-4 is cleaved by
MMP2 or MMP9 (Chou et al. 2011). However, although termed ‘secretion’ in the
literature, this is more likely to reflect release of TG2 from the cell surface which has
previously been secreted by a different mechanism. General inhibition of MMPs
resulted in reduced levels of TG2 in the extracellular matrix, suggesting that TG2 can
be released through this mechanism (Wang et al. 2012). Inhibition of MMP2 and
MMP9 specifically also reduced the amount of TG2 in the extracellular matrix,
indicating that this is specifically due to binding to heparan sulphate side chains of
syndecan-4 (Wang et al. 2012). The syndecan-4 knockout has also been linked to a
reduced amount of extracellular TG2 in mouse models of chronic kidney disease.
However, extracellular TG2 levels were similar in wild-type and syndecan-4 knockout
healthy mice (Scarpellini et al. 2009). As TG2 is likely to interact with heparan
sulphate extracellularly, at the cell surface, it is possible that this mechanism relates to
release of TG2 from the cell surface after its secretion, rather than being the direct
mechanism through which TG2 is secreted. Based on my experimental observations,
I'have proposed that cell-surface associated TG2 and TG2 found in the soluble fraction
are secreted via different mechanisms. Therefore, syndecan binding may be part of the
mechanism by which TG2 is externalised and then remains on the cell surface
(although it can then be released by proteolysis), rather than the process of regulated

protein export per se.

7.3 TG2 secretion in the context of unconventional secretion of other
proteins

Conventional protein secretion occurs through targeting of a protein to the ER/Golgi
pathway and then to the surface of the cell, due to the presence of an N-terminal or
internal signal peptide (Nickel and Rabouille 2008). There are also proteins that are
not secreted through this pathway; instead they can be secreted through a pathway
involving the ER, but then being transported directly to the surface of the cell,
bypassing the Golgi apparatus, or through one of several entirely ER/Golgi
independent processes (Nickel and Rabouille 2008). TG2 is likely to be secreted
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through a pathway independent of the ER/Golgi due to the absence of a signal peptide
and a lack of glycosylation, expected if this pathway were the route for its secretion

(Aeschlimann and Paulsson 1994).

There are several pathways for unconventional protein secretion, including i) a
pathway involving secretory lysosomes, ii) the formation of multivesicular bodies,
where ultimately endosomes containing vesicles fuse with the plasma membrane and
release the vesicles to the extracellular environment, iii) proteins secreted by
microvesicle shedding from the plasma membrane or iv) proteins secreted through
selective transporters or intrinsic ability for formation of pores in the plasma
membrane. These pathways have diverse activating signals, with P2X7R activation
resulting in both microvesicle shedding and membrane pore formation (Virginio ef al.
1999b; North 2002). This likens TG2 secretion most closely to either a pathway similar
to that for IL-1P secretion or FGF2 secretion.

In immune cells, P2X7R activation results in assembly of the inflammasome and
processing of pro-caspase-1 to active caspase-1 {Netea, 2009, Differential
requirement for the activation of the inflammasome for processing and release of IL-
Ibeta in monocytes and macrophages}. Caspase-1 is essential for the secretion of
active IL-1P as the enzyme which processes pro-IL-1p, but has also been implicated
in downstream steps in the secretion of IL-1B in microvesicles {Netea, 2009,
Differential requirement for the activation of the inflammasome for processing and
release of IL-1beta in monocytes and macrophages} {Pizzirani, 2007, Stimulation of
P2 receptors causes release of IL-1beta-loaded microvesicles from human dendritic
cells}. I have investigated aspects of this pathway in M1 macrophages, and
demonstrated that inhibition of caspase-1 intracellularly prevents TG2 secretion. I
was, however, unable to demonstrate a role for caspase-1 in the processing of TG2
itself. As HEK?293 cells do not express caspase-1 and were capable of secreting TG2
on P2X7R activation, this suggests that caspase-1 can be involved in TG2 secretion,
but is not essential. The involvement of caspase-1 may be in activation of another
protease that process TG2 or in activation of another pathway which alters the kinetics
of TG2 secretion, and hence, thereby having an indirect effect on TG2 secretion. This
may explain the differences seen between TG2 secretion in HEK293 cells and primary

human M1 macrophages.
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Several studies have likened TG2 secretion to the process by which FGF2 is secreted,
namely through a ‘molecular trap’ mechanism (Chou et al. 2011; Zemskov et al. 2011).
Both TG2 and FGF2 secretion have been proposed to require an interaction with
heparan sulphates (Zehe et al. 2006; Chou et al. 2011). FGF2 secretion involves
formation of a membrane pore, through oligomerisation of FGF2 monomers (Muller
et al. 2015). This process requires a component of the Na/K-ATPase, ATP1A1, which
recruits FGF2 to the plasma membrane, allowing it to interact with PI(4,5)P2, which
aids oligomerisation and becomes part of the pore (Muller et al. 2015; Zacherl et al.
2015). This pore may then either disassemble outside the cell or allow passage of
FGF2 monomers (La Venuta et al. 2015). Inhibition of the ATPase was demonstrated
to reduce TG2 secretion, however blocking FGF2 secretion with sodium chlorate,
failed to prevent TG2 secretion (Zemskov et al. 2011). As an unknown pore is involved
in TG2 secretion, it is possible that components of this pathway are also involved in

TG2 secretion and may therefore be worth further investigation.

Gasdermin D has been demonstrated to form a plasma membrane channel, in a process
called pyroptosis (Shi et al. 2015). This is a form of cell death similar to necrosis,
where there is pore formation and disruption of the plasma membrane and cell swelling
(Shi et al. 2015). This results in leakage of the cell contents, releasing intracellular
bacteria for killing by neutrophils (Miao ef al. 2010). Active caspase-4/-5 (human), -
11 (mouse) or -1 are capable of cleaving gasdermin D, to produce two fragments (Shi
et al. 2015). The N-terminal fragment has been shown to be important for secretion of
IL-1B and induction of pyroptosis (Shi ef al. 2014) and the C-terminus was found to
be released into the culture medium (He et al. 2015). The N-terminus has been
demonstrated to be capable of forming ring-like structures in the cell membrane,
functioning as large diameter pores (Aglietti et al. 2016). As the pore formed by
gasdermin D is non-selective and large enough to allow secretion of cytokines such as
IL-1pB, it disrupts cell (membrane) integrity (Chen et al. 2016). Activation of
gasdermin D may result in cross-talk from the caspase-4 mediated pyroptosis pathway
to the NLRP3 inflammasome pathway, activating caspase-1, suggesting that activation
of this inflammasome is downstream of gasdermin D, rather than upstream (Kayagaki
et al. 2015). The ionophore, nigericin, is capable of activating NLRP3 and allowing
recruitment of gasdermin D to this inflammasome (He et al. 2015). This suggests that

conditions induced by P2X7R activation may conceivably also activate gasdermin D,
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supported by evidence that mature IL-1p is secreted when gasdermin D is activated
(He et al. 2015). I have demonstrated that TG2 secretion occurs in the absence of
leakage of intracellular proteins (B-tubulin and IkBa), suggesting that a non-selective
pore, such as that formed by gasdermin D is unlikely to be involved in this process.
Nevertheless, it will be necessary to further investigate whether my conditions induce
cleavage of gasdermin D, before it can be completely ruled out that the pyroptosis

pathway is responsible for the observed secretion of TG2.

7.4 Limitations

As is expected with a project of this nature, there are several limitations in how these
experiments were performed. Firstly, it would be preferable to measure TG2 secretion
by ELISA or another quantitative assay, rather than relying on Western blotting and
densitometry. However, in the case of TG2, there is not a sufficiently sensitive ELISA
for detection in the conditioned medium from a relatively small number of cells as
used here. Densitometry is usually performed by normalising data to a loading control,
for example B-tubulin, the levels of which do not change within cells, however, as
there is a lack of a secreted loading control, it was not possible to adjust for this. In the
absence of another method of quantification densitometry was therefore used,
however it would be useful in future to develop a more reliable method of
quantification. ELISA would also allow direct comparison of TG2 secretion between
all individuals tested, which could aid in also identifying whether TG2 secretion is

enhanced in certain individuals, as well as being able to identify non-responders.

Secondly, it is important to note that the washes in between the 10 minute pulse and
30 minute chase could result in the release of ATP by the cells, which could drive the
continued TG2 secretion secen in the HEK293 cells. However, as this continued
secretion was not seen after agonist removal and the same wash steps in the human
macrophages, it suggests that the continued secretion may in fact be occurring in the
absence of agonist in HEK293 cells. It is possible that this is not a physiologically
relevant observation, and these cells may lack some components of a pathway capable
of quickly switching off P2X7R activation in the absence of agonist, as the ‘switching
off” of this mechanism appears to occur very quickly in the primary human

macrophages.
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The requirement for the use of an antibody directed to the intracellular C-terminus of
P2X7R for immunostaining presents some problems with regards to ensuring surface
expression. Permeabilising the cells means that cytoplasmic receptor was also stained,
however, as demonstrated in chapter 3, alternative antibodies were explored and were
not specific enough for use in immunostaining. This issue was addressed by
measurement of total protein levels, to ensure a similar expression level, and
immunostaining demonstrated membrane staining of both P2X7R variants. Use of
functional assays, calcium flux and YO PRO-1 uptake, also demonstrate that P2X7R

is surface expressed.

Finally, the use of 2.5mM CaCl, as a P2X7R inhibitor was not ideal, as it has the
potential to affect other receptors. This was used as A740003 lacks inhibitory effects
on other P2 receptors, but has poor solubility in H>O, needing to be reconstituted in
DMSO. As DMSO had profound effects on TG2 secretion, as discussed in chapter 5,
it was therefore not possible to use this inhibitor. Other commercially available P2X7R
inhibitors also have poor solubility in water, making them unsuitable for this

application.

7.5 Future Objectives

In order to provide more evidence that TG2 secretion requires larger membrane pore
formation than was shown in chapter 3, it would be necessary to first identify the pore
forming component. As evidence suggests that this is a pore formed by the P2X7R
itself, a high-resolution microscopy technique could be applied to capture images of
P2X7R forming larger membrane pores to establish how this might occur.
Alternatively, other components required for larger membrane pore formation could
be identified through investigation of proteins capable of interacting with P2X7R,
identifying possible candidates. Following identification of this larger membrane pore,
it would be possible to apply inhibitors of this component and assess the effect on TG2

secretion.

It is also important to assess the activity of the processed form of secreted TG2 seen
in macrophages, to assess which functions of TG2 are intact and to establish the exact
nature of the processing, as was begun in this thesis. Further work is also required to

connect specific P2X7R polymorphisms to enhanced or decreased TG2 secretion.
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Sequencing information gathered so far will advise us as to combinations of P2X7R
polymorphisms present in the human population. Variants can then be generated and
expressed in HEK293 cells to perform functional studies to assess how these
combinations affect P2X7R functions. Analysis of sequencing data from patients e.g.
osteoarthritis patients of coeliac disease patients may further identify common
polymorphisms in these groups which could result in increased TG2 secretion and
therefore impact disease risk. It could also identify polymorphisms present at a lower
frequency in these populations, suggesting possible protective functions. This
information could eventually be used for screening for disease susceptibility and
potential patient stratification. This could then advise further treatment options,
possibly using P2X7R antagonists in patients where they are most likely to be

effective.

To complete work performed regarding TG2 GTP binding mutants, the hydrolysis of
these mutants needs to be assessed to confirm that any changes in TG2 secretion are
related to conformational change, as current data indicates, rather than a requirement
for hydrolysis. This work is being performed as part of another sutdents’ PhD within
the group. It will also be interesting to assess the structure of the K!73L TG2 in the
presence and absence of GTP to confirm the hypothesis that this mutant forms an

alternative structure, as demonstrated in fig 4.14.

I am continuing this work with a one year post-doc project, aiming to investigate the
effect of P2X7R polymorphisms on TG2 secretion (in healthy volunteers) and whether
specific P2X7R polymorphisms are present in coeliac disease patients. In parallel with
this I will also investigate further the mechanistic process by which TG2 is
externalised. The specific objectives are as follows:
1. To investigate the role of P2X7R polymorphisms in altered TG2 secretion
further, through recruiting more volunteers allowing us to better correlate
TG2 secretion to receptor polymorphisms.
2. To investigate the role of P2X7R mediated TG2 secretion in the context of
antigen presentation in coeliac disease.
3. Understanding the details of the mechanism of TG2 secretion by further

investigating the involvement of caspase-1 and to assess whether P2X7R
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activation alone can induce cleavage of gasdermin D, and begin the process
of pyroptosis.
. Investigate the nature of and proteolytic enzyme responsible for TG2

processing in M1 macrophages.
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Page 1 of 1

<< A348T clone...
gi|568815586:1...

GG CCACT GTGTT CATCG ACTTC CTCAT CGACA CTTAC
TGCAT TCTCC CCAGG CCGCT GTGTT CATCG ACTTC CTCAT CGACA CTTAC

Contigl

<< A348T clone...
gi|568815586:1...

52526052531 152536052541 152546052551 1525560 525611525661
—————————— --—-GG CCACT GTGTT CATCG ACTTC CTCAT CGACA CTTAC

TCCAG TAACT GCTGT CGCTC CCATA TTTAT CCCTG GTGCA AGTGC TGTCA
TCCAG TAACT GCTGT CGCTC CCATA TTTAT CCCTG GTGCA AGTGC TGTCA

Contigl

<< A348T clone...
gi|568815586:1...

52576152581 152586052501 152506052601 152606052611 1526161
TCCAG TAACT GCTGT CGCTC CCATA TTTAT CCCTG GTGCA AGTGC TGTCA

GCCCT GTGTG GTCAA CGAAT ACTAC TACAG GAAGA AGTGC GAGTC CATTG
GCCCT GTGTG GTCAA CGAAT ACTAC TACAG GAAGA AGTGC GAGTC CATTG

Contigl

<< A348T clone...
gi|568815586:1...

I52626052631152636152641 152646152651 152656152661 1526661
GCCCT GTGTG GTCAA CGAAT ACTAC TACAG GAAGA AGTGC GAGTC CATTG

TGGAG CCAAA GCCG
TGGAG CCAAA GCCG

Contigl

52676152681 152686
TGGAG CCARA GCCG
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P45IL clone2-P2X7Rfor3 002 A0S AGA CCTGC
<< P45IL clone2-PCR3.1-BGHrev 008 DOS8 AGA CCTGC

gi]568815586:121124758-121194610 5 (...

GTTTG GAAAC TTGCT TTTTC AGAGA CCTGC

Contig2

P45IL clone2-P2X7Rfor3 002 A0S
<< P45IL clone2-PCR3.1-BGHrev 008 D08

gi|568815586:121124758-121194610 5 (...

595260159531 1595360159541 159546159551
—————————————————————— AGA CCTGC

GATGG ACTTC ACAGA TTTGT CCAGG CTGCC
GATGG ACTTC ACAGA TTTGT CCAGG CTGCC
GATGG ACTTC ACAGA TTTGT CCAGG CTGCC

Contig2

P45IL clone2-P2X7Rfor3 002 A08
<< P45IL clone2-PCR3.1-BGHrev 008 DOS8

gi|568815586:121124758-121194610 5 (...

|59556|59561|59566|59571|59576|59581
GATGG ACTTC ACAGA TTTGT CCAGG CTGCC

CCTGG CCCTC CATGA CACAC CCCTG ATTCC
CCTGG CCCTC CATGA CACAC CCCTG ATTCC
CCTGG CCCTC CATGA CACAC CCCCG ATTCC

Contig2

P45IL clone2-P2X7Rfor3 002 A0S
<< P45IL clone2-PCR3.1-BGHrev 008 DOS8

gi]568815586:121124758-121194610 5 (...

59586059501 159506059601159606l59611
CCTGG CCCTC CATGA CACAC CCCTG ATTCC

TGGAC AACCA GAGGA GATAC AGCTG CTTAG
TGGAC AACCA GAGGA GATAC AGCTG CTTAG
TGGAC AACCA GAGGA GATAC AGCTG CTTAG

Contig2

P45IL clone2-P2X7Rfor3 002 A0S
<< P45IL clone2-PCR3.1-BGHrev 008 D08

gi|568815586:121124758-121194610 5 (...

l506160159621159626159631159636159641
TGGAC AACCA GAGGA GATAC AGCTG CTTAG

AAAGG AGGCG ACTCC TAGAT C
AAAGG AGGCG ACTCC TAGAT C
AAAGG AGGCG ACTCC TAGAT C

Contig2

|59646|59651|59656|59661|59666
AAAGG AGGCG ACTCC TAGAT C
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<< hTG2 pcDNA3.txt CTGCC CAAAA TTCCA AGGTA TGTTC TTGAT GAACT TGGCC
<< K—L—Clonel—UplO270107EO6 CTGCC CAAAA TTCCA AGGTA TGTTC TTGAT GAATA AGGCC
K—L—Clonel—DownlO3_Ol1_FO7 CTGCC CAAAA TTCCA AGGTA TGTTC TTGAT GAATA AGGCC
le020 ls025 16030 l603s le040 ls04as leoso leoss
Contigl CTGCC CAAAA TTCCA AGGTA TGTTC TTGAT GAATA AGGCC
<< hTG2 pcDNA3.txt GAGCC CTGGT AGATA AAGCC CTGCT GGGTG AGGAC ATACT
<< K-L-Clonel-Upl02 010 E06 GAGCC CTGGT AGATA AAGCC CTGCT GGGTG AGGAC ATACT
K-L-Clonel-Downl03 011 FO7 GAGCC CTGGT AGATA AAGCC CTGCT GGGTG AGGAC ATACT
l6060 leoss lso70 6075 leoso leoss lsooo lsoos
Contigl GAGCC CTGGT AGATA AAGCC CTGCT GGGTG AGGAC ATACT
<< hTG2 pcDNA3.txt CCTGC CGCTC -CTCT --TCC GAGTC CAGGT ACACA GCATC
<< K—L—Clonel—UplO270107EO6 CCTGC CGCTC TCTCC GATCC ATAAC ATGCT A-ACA GT
K-L-Clonel-Downl03 011 FO7 CCTGC CGCTC -CTCT --TCC GAGTC CAGGT ACACA GCATC
l6100 ls105 l6110 le115 l6120 l6125 l6130 l6135
Contigl CCTGC CGCTC -CTCT --TCC GAGTC CAGGT ACACA GCATC
<< hTG2 pcDNA3.txt CGCTG GGCAC CAGGC GTTGA AGAGC AAAAT GAAGT GGCCC
K-L-Clonel-Downl03 011 FO7 CGCTG GGCAC CAGGC GTTGA AGAGC AAAAT GAAGT GGCCC
le140 l6145 l6150 L6155 le160 ls165 l6170 l6175
Contigl CGCTG GGCAC CAGGC GTTGA AGAGC AAAAT GAAGT GGCCC
<< hTG2 pcDNA3.txt AGCAC ARAGC TGGAT CCCTG GTAGC CAGTG GAGGC C
K-L-Clonel-Downl03 011 FO7 AGCAC ARAGC TGGAT CCCTG GTAGC CAGTG GAGGC C
le180 ls185 l6190 l6195 l6200 l6205 l6210 l6215
Contigl AGCAC ARAGC TGGAT CCCTG GTAGC CAGTG GAGGC C
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<< hTG2 pCDNA3.tXt71 AAACT GCCCA AAATT CCAAG GTATG TTCTT GATGA ACTTG
<< KF—ND—Clonel—Upl0270147GO6 AAACT GCCCA AAATT CCAAG GTATG TTCTT GATGT CATTG
KF—ND—ClODel—DOWH103_O15_HO7 AAACT GCCCA AAATT CCAAG GTATG TTCTT GATGT CATTG

l6o16 16021 16026 16031 l6036 l60a1 l6046 l6051
Contigl AAACT GCCCA AAATT CCAAG GTATG TTCTT GATGT CATTG
<< hTG2 pcDNA3.txt 1 GCCGA GCCCT GGTAG ATAAA GCCCT GCTGG GTGAG GACAT
<< KF-ND-Clonel-Upl02 014 GO6 GCCGA GCCCT GGTAG ATARA GCCCT GCTGG GTGAG GACAT
KF-ND-Clonel-Downl03 015 HO7 GCCGA GCCCT GGTAG ATAAA GCCCT GCTGG GTGAG GACAT

l6os6 leos1 lsose 6071 l6076 l6os1 lsose ls0o1
Contigl GCCGA GCCCT GGTAG ATAAA GCCCT GCTGG GTGAG GACAT
<< hTG2 pcDNA3.txt 1 ACTCC TGCCG CTCCT CTTCC GAGTC CAGGT ACACA GCATC
<< KF-ND-Clonel-Upl02 014 GO6 ACTCC TGCCG CTCCT CT-CC GATTA TACAG CGAAA GTTCG
KF-ND-Clonel-Downl03 015 HO7 ACTCC TGCCG CTCCT CTTCC GAGTC CAGGT ACACA GCATC

leoos ls101 ls106 le111 l6116 l6121 l6126 l6131
Contigl ACTCC TGCCG CTCCT CTTCC GAGTC CAGGT ACACA GCATC
<< hTG2 pcDNA3.txt 1 CGCTG GGCAC CAGGC GTTGA AGAGC AAAAT GAAGT GGCCC
KF-ND-Clonel-Downl03 015 HO7 CGCTG GGCAC CAGGC GTTGA AGAGC AAAAT GAAGT GGCCC

le136 l6141 l6146 le151 l6156 l6161 l6166 l6171
Contigl CGCTG GGCAC CAGGC GTTGA AGAGC AAAAT GAAGT GGCCC
<< hTG2 pcDNA3.txt 1 AGCAC ARAGC TGGAT CCCTG GTAGC CAGTG GAGGC CTCCA
KF-ND-Clonel-Downl03 015 HO7 AGCAC ARAGC TGGAT CCCTG GTAGC CAGTG GAGGC CTCCA

l6176 ls181 ls186 le191 l6196 l6201 l6206 l6211
Contigl AGCAC AAAGC TGGAT CCCTG GTAGC CAGTG GAGGC CTCCA
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yellow = primer sequence

Exon 1, 244bp amplicon
ttactgggag ggggcttgct gtgg ccctgt caggaagagt agagc tctgg
tccagctccg cgcagggagg gaggctgtca cc

gta agtgggatct ggggaggacc
cagatctctg cagtggc cga cagcacagaa agccccag cg ggcagcttca ggtgcacatt

Exon 2, 290bp amplicon
ctg catcctc
caacgcctgec atcc caaccc gctgtgctat gcctccecgtt gatgcectttcce catgtctgece

cacctcgtag cattctccca gg ctcgtcgc tggtcaccgt cgc cagggcc tagctccctt

Exon 3, 231bp amplicon
ttagaaaagt ggagaggttc gcccagcaag ¢ tggattatt ataattaagt agttctcttt
tcaaaggcct tgcattttct tagcctctcc ttctccacag

g taaggagggy

acctggagtg gtgggtcagg tcttaagagt tcctggggga ggtgcaagtc ggaagaagca
g aaatgcgga

Exon 4, 212bp amplicon
attctggt gg atatcgaatc
acttctccac g tcttagtaa cacacgtcac ttactcccca ctctgtcatc cttctatctg
a

gtac cttctgtttc ttttcccgag accctagggg tggatg gtct
ggcatcttgg tgacatttg t gatgcccagg tcaggtcttc

Exon 5, 206bp amplicon
gttgagttaa tgatgtccct cctggagaac gtcctctc cg cagttctttc acatctgtgg
ttctacgatg ctttgacccc tatag

gtgagtcg catggggaga cagacacagt ggccctcagc ggc gaccaga tgaggccttg
ccga ggctgc ttgggecttce

Exon 6, 218bp amplicon

ga ccaagcca agaaaccaga

agcctctggt cccactggcc catgggctcc ctcggttccccccgtcacta atggeccattt
tgcatgtctc tctcccag

g taagtgccca ggctgc ctgg
ctgtcttagt tatctactgc tgagtaataa attatcccaa acctcagaag cctgaaacaa

Exon 7, 248bp amplicon
ctggctcact cctgggaaag
aga cagatct gttttcaatc gagatg tttg tttgtttgtt tgcttttaat tatgcacagl

g ttggtggtgc tttgtacact gggatgtggg gctgtgt gtc tagggatgga
ggatgtcaaa ¢ agccaagag gccgggccac

Exon 8, 256bp amplicon

tggctatgc a gggagatgtc tggcggttgce
gtaactcaca cccagcagcc atagagactg tcccttgttg atccttcag

gtaa ctccaaggcc caggtcaaac tcac ccagtg gctgaatcgc attcc cagga
actggtgaga ctaattttgg tttccaaggc

Exon 9, 204bp amplicon
tcaaaaaaaa aaaaaaaaaa acccaaaac C cagcactttc aaagggatct
tacaaataca gatccttttc ttcctacag

gtaagtctcg tttcccagct ccgggcaccg gcatcctat g actgtgtcct aattactgcet
gtg gggcctc catggaggga

121
181
241
301

21901
21961
22021
22081
22141
22201

23221
23281
23341
23401

28021
28081
28141
28201

29581
29641
29701
29761

32521
32581
32641

33181
33241
33301
33361
33421

34621
34681
34741
34801
34861

42541
42601
42661
42721
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Exon 10 & 11, 401bp amplicon
gaaccaacaa tt gcacgttg aagcaaaaga
gcg ttgctct gaatttcacc tgagtaaact ctcccactct gtttttag

gtaaga
gattctcttt tccatgcttt aggaaaatgg tttggagaag gaagtgacta acgcagcgct
tgtctgcatt ctccccag

gt gaggccgctg
t gttcacagg acaccaagac atg gagagat tccatgaaat cactcagaaa tgcacgaaaa
ttaggcccaa

Exon 12, 395bp amplicon
gagtttt gag ccagcttgtt caatagtcta tc atttggca aataggaatt

acagttgcct ttagataggc aattcttgat aattctgtac aaaaatgggt aaactttcaa
accatctttt cctag

gta
agttaaatca ttttgtcttt tttttttttt taagaaaatt tactgttaaa tataaacaca
tctagaaact tgtacaaatc aaaactgatg gattttaaca aagtaaacat actcatataa
ccggcactca gattaaacaa ttgaaaatta ctagcaggag tcccttttat gc ccccctcec
aatcactacc

Exon 13, 564bp amplicon
ataagttaat
aaaattaaag aaccta gaac ctgagggctt gtcatgg cta ataggtttgg aaacttgctt

tgaagccag gcaccgtggc tcacgtctgt aatcccagceg
ctttgggagg ccgaggcagg cagatcacct gaggtcggga

44281
44341
44401
44461
44521
44581
44641
44701

47461
47521
47581
47641
47701
47761
47821

51421
51481
51541
51601
51661
51721
51781
51841
51901
51961
52021

Supplement 1 — Sequence alignment of P2X7R primers used for sequencing
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P2X7 receptor activation regulates rapid unconventional export of

transglutaminase-2

Magdalena Adamczyk*, Rhiannon Griffiths, Sharon Dewitt, Vera Kndauper and Daniel Aeschlimann*

ABSTRACT

Transglutaminases (denoted TG or TGM) are externalized from cells
via an unknown unconventional secretory pathway. Here, we show for
the first time that purinergic signaling regulates active secretion of
TG2 (also known as TGM2), an enzyme with a pivotal role in
stabilizing extracellular matrices and modulating cell-matrix
interactions in tissue repair. Extracellular ATP promotes TG2
secretion by macrophages, and this can be blocked by a selective
antagonist against the purinergic receptor P2X7 (P2X7R, also known
as P2RX7). Introduction of functional P2X7R into HEK293 cells is
sufficient to confer rapid, regulated TG2 export. By employing
pharmacological agents, TG2 release could be separated from
P2X7R-mediated microvesicle shedding. Neither Ca®* signaling
alone nor membrane depolarization triggered TG2 secretion, which
occurred only upon receptor membrane pore formation and without
pannexin channel involvement. A gain-of-function mutation in P2X7R
associated with autoimmune disease caused enhanced TG2
externalization from cells, and this correlated with increased pore
activity. These results provide a mechanistic explanation for a link
between active TG2 secretion and inflammatory responses, and
aberrant enhanced TG2 activity in certain autoimmune conditions.

KEY WORDS: Transglutaminase, Extracellular matrix stabilization,
Purinergic signaling, P2X7 receptor, Unconventional protein
secretion, Innate immunity

INTRODUCTION

Unconventional export of cytoplasmic proteins [i.e. the processes
by which proteins that do not follow the classical endoplasmic
reticulum (ER)-to-Golgi secretory pathway are secreted by cells] is
being studied extensively because many molecules that fall into this
category constitute potent biological signals with key roles in
developmental or inflammatory processes. Such proteins lack
posttranslational modifications that occur during ER-to-Golgi
protein maturation but might be subject to N-terminal processing
and acetylation or acylation (Muesch et al., 1990; Stegmayer et al.,
2005). Several fundamentally different mechanisms appear to
support unconventional protein secretion, including self-sustained
or transporter-facilitated direct membrane translocation at the
plasma membrane, or release in specialized vesicles, the
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biogenesis of which is distinct from vesicles coated with coat
protein complex II (Nickel and Rabouille, 2009; Rabouille et al.,
2012). Neither export through the compartment for unconventional
protein secretion (CUPS) and multivesicular body pathway nor
direct microvesicle shedding at the plasma membrane requires
membrane translocation of the cargo, and release is thought to occur
by vesicle lysis in the extracellular environment.

Transglutaminases (denoted TG or TGM) are a family of
structurally similar enzymes that posttranslationally modify
proteins through transamidation, deamidation or esterification of
glutaminyl residues (Aeschlimann and Thomazy, 2000). Several of
these enzymes have well-established functions in stabilizing
extracellular protein assemblies, including TG2 (wound healing),
TG4 (semen coagulation) and factor XIII (blood coagulation)
(Aeschlimann and Paulsson, 1994; Lorand and Graham, 2003).
More recently, TG3 and TG6 have been implicated in extracelluar
functions (Zone et al., 2011; Thomas et al., 2013). Despite it being
20 years since we first postulated export of TGs through an
unconventional secretory pathway (Aeschlimann and Paulsson,
1994), the underlying process remains elusive. This has gained
much attention recently because although matrix stabilization by
TG2 is required for an effective tissue repair response, aberrant TG2
action has a central role in the pathogenesis of inflammatory
diseases and autoimmunity, most noteably celiac disease
(Aeschlimann and Thomazy, 2000; Iismaa et al., 2009).
Externalization from cells appears to control TG2 function
because Ca®" binding serves as a molecular ‘switch’ for its
activation, facilitating transition into a conformation that enables
catalysis (Pinkas et al., 2007). Early studies pointed to passive
release of TG2 through cell damage (Upchurch et al., 1987; Siegel
et al., 2008). More recently, several alternative mechanisms for
constitutive release of TG2 have been proposed, including
microvesicle shedding (Antonyak et al., 2011; van den Akker
et al., 2011) and perinuclear import into Rab11-positive recycling
endosomes (Zemskov et al., 2011). However, the proposed
mechanisms implicated different domains of TG2 (Chou et al.,
2011; Zemskov et al., 2011). Furthermore, constitutive export is
difficult to reconcile with the lack of a correlation between TG2
synthesis level and extracellular activity, and the fact that export
appears to be cell-type- or differentiation-stage-specific, as
exemplified in endochondral bone formation (Aeschlimann et al.,
1995). Such sudden, context-dependent externalization of TG2
indicates that its export is regulated by an unidentified signaling
event.

One emerging pathway for non-classically secreted proteins
including interleukin (IL)-1P involves activation of the purinergic
receptor P2X7 (P2X7R, also known as P2RX7), leading to
formation of an inflammasome in a NALP3-dependent manner
(Dubyak, 2012; Strowig et al., 2012). Inflammasome assembly
drives caspase-1 autoprocessing, maturation of IL-1p by caspase-1
cleavage and ultimately IL-1P release (Mariathasan et al., 2006).
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Activated macrophages derived from P2X7R ™~ mice are unable to
secrete the mature form of IL-1 family cytokines, including IL-1B
and IL-18 (Solle et al., 2001; Pelegrin et al., 2008) and hence, these
animals show reduced severity in models of acute inflammatory
joint or lung disease (Labasi et al., 2002; Lucattelli et al., 2011;
Bartlett et al., 2014).

P2X7R is a member of the P2X family of nucleotide-gated ion
channels that is activated by high concentrations of extracellular
ATP. Besides K* efflux that triggers inflammasome assembly, the
ion channel also supports Ca®* and Na™ influx, leading to membrane
depolarization and activation of intracellular signaling cascades
(Coddou et al., 2011; Bartlett et al., 2014). The P2X4R (also known
as P2RX4) crystal structure confirmed that assembly of three
subunits, each harboring two transmembrane domains, forms the
functional P2X receptor (Kawate et al.,, 2009). The large
extracellular domain has ATP- and metal-ion-binding sites that
regulate receptor activation state. Channel opening is associated
with conformational changes that reposition the transmembrane
segments whereby different states of dilation might be adopted
(Hattori and Gouaux, 2012; Jiang et al., 2013). The feature that
distinguishes P2X7R from the other P2X family members is a long
C-terminal tail (Surprenant et al., 1996; Rassendren et al., 1997) that
has been implicated in the process of ‘membrane pore’ formation,
which enables plasma membrane permeability to larger organic
cations (Virginio et al., 1999; Browne et al., 2013).

High extracellular ATP is a consequence of cell damage, and
enforced by ATP release from activated innate immune cells. This
acts as a danger signal amplification system that spreads the alarm
within the local milieu. However, ATP is not only released upon

tissue or cell injury, or stress, but can also be secreted through
membrane channels or secretory vesicles (Garcia and Knight, 2010;
Sorge et al., 2012; Burnstock, 2015). Given that TG2 is abundantly
secreted in the context of inflammation but that extracellular TG2
also has formative roles in tissue development and homeostasis, we
hypothesized that its export might be associated with P2X7R
signaling. Here, we show for the first time that rapid TG2 export is
regulated by P2X7R-mediated membrane pore formation.

RESULTS

Macrophages secrete TG2 in a P2X7R-dependent manner
The THP-1 monocyte or macrophage cell model was chosen to
investigate TG2 export as these cells have been reported to be
competent in P2X7R-mediated IL-1p secretion (Mackenzie et al.,
2001). We confirmed initially that activation of inflammasome
formation by priming cells with lipopolysaccharide (LPS) for
Toll-like receptor (TLR) signaling combined with subsequent
stimulation with ATP induces IL-1B secretion into the cell
supernatant, as determined by capture ELISA (Fig. S1A). TG2 is
expressed in differentiated macrophages but not in monocyte
precursors (Mehta and Lopez-Berestein, 1986). Therefore, THP-1
cells were treated with the phorbol ester TPA to induce
differentiation (Fig. SI1B), and TG2 upregulation was confirmed
by western blotting of cell lysates (Fig. 1A). We then used the ATP
analogue BzATP for P2X7R activation as it shows a high degree of
selectivity for P2X7R and does not activate P2Y family ATP-
sensing receptors (Coddou et al., 2011). Differentiated cells were
stimulated with BZATP for 10 min, and culture supernatants were
collected at the end of agonist treatment (pulse) and after a further

A C
CELL LYSATE MEDIUM CELL
vehicle  50ng/ml TPA LYSATE
48 72 48 72 48 72 48 72 hours pulsc SIS
- - 4+ + - - + + 100ngmlLPS -t 100 M BzATE
kDa - + - +  BzATP treated
98—
- - TG2
“_-_-'“** - TG2

66 —

TP EPEER e — @ e ~— [-tubulin

a5

«— cleaved TG2

B MEDIUM D MEDIUM CELL
R A LYSATE
10’ pulse 30’ chase 10’ pulse  [30% 10 [30°
P2X7R P2X7R
vehicle inh vehicle inh O + 100 uM BzATP
1T 1r 1T 1 + + -+ + + BzATP treated
-+ -+ 100 uM BzATP (pulse) - -+ 4+ - - - - + - high Ca®*(2.5mM)
-+ - + BzATPtreated (chase) - - - - 4+ + - - - + AcYVAD-CMK
kDa . * § kDa
P -~ TG2 . ~—TG2
66— «— cleaved TG2
66—

45—

Fig. 1. P2X7R inhibition blocks TG2 secretion by macrophages. (A) Differentiated monocytes express TG2. THP-1 cells were differentiated for the indicated
time with TPA and stimulated with LPS as indicated. Cell extracts were analyzed by western blotting for TG2 or B-tubulin as a loading control (*, non-specific
reactivity). (B) TG2 export requires P2X7R activity. Differentiated THP-1 cells were pre-treated with vehicle or 5 uyM P2X7R inhibitor A740003 for 10 min, then
stimulated as indicated with BzATP for 10 min with or without inhibitor (inh, pulse). Cells were chased for 30 min in P2X7R agonist and antagonist-free medium.
Collected medium from the pulse and chase (200 ul) were rendered cell-free by centrifugation, and analyzed for TG2 by western blotting. (C,D) P2X7R activation
triggers TG2 secretion in macrophages derived from peripheral blood mononuclear cells. Macrophages were stimulated with BzATP and chased as in B,

and collected medium from the of pulse and chase were analyzed for TG2 by western blotting alongside the cell lysates (C). The presence of 100 yM Ac-YVAD-
CMK did not prevent externalization or cleavage of TG2, indicating a caspase-1-independent process (D).
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30 min in the absence of agonist (chase) to capture immediate and
potentially delayed TG2 secretion. BZATP stimulation induced a
substantial increase in TG2 secretion as determined by western
blotting of cell-free supernatant (Fig. 1B). TG2 export was blocked
by the P2X7R antagonist A740003 (Fig. 1B), which inhibits IL-13
secretion in differentiated monocytes (Honore et al., 2006). To
substantiate this finding, we analyzed TG2 secretion in response to
P2X7R activation in primary human M1 macrophages. BzATP
triggered rapid TG2 secretion, contributing to soluble (Fig. 1C) and
cell-surface-associated enzyme (Fig. S1C), whereby the soluble
enzyme was undergoing processing generating a ~66 kDa species.
Processing did not involve inflammasome-associated caspase-1 nor
cell surface MT1-MMP (also known as MMP14) cleavage (Belkin
et al.,, 2001) as it occurred in the presence of N-acetyl-YVAD-
chloromethyl ketone (Ac-YVAD-CMK) and EDTA, respectively
(Fig. 1D; Fig. S1C). Collectively, these data show that P2X7R
regulates not only 1L-1P but also TG2 secretion in macrophages.

Expression of P2X7R confers agonist-inducible, rapid TG2
secretion to HEK293 cells

To investigate whether P2X7R alone was sufficient or other
inflammasome pathway components are required for TG2 export,
we established HEK293 cells stably expressing wild-type (hereafter
P2X7R cells) or tagged human P2X7R. This cell model was
selected as it lacks endogenous expression of P2X receptor family
members (Mackenzie et al., 2005) and secretes mature IL-1B in
response to agonist when co-transfected with P2X7R and pro-
caspase-1 (Gudipaty et al., 2003). P2X7R expression was confirmed
by western blotting of cell extracts, whereby for tagged P2X7R a
single band reactive to antibodies against the P2X7R and the V5 tag
was detected (Fig. S2A). Immunocytochemistry confirmed
membrane localization of the receptor in P2X7R cells and its
absence in parental cells (Fig. S2B). In order to assess P2X7R
functionality, changes in the intracellular free Ca®* concentration in
response to BzATP were investigated using Fluo-4-AM. Only
P2X7R cells, and not parental cells, responded to this agonist
(Fig. S2C). A dose—response analysis for BZATP stimulation of
P2X7R cells using Ca®" signaling as a readout derived an apparent
Kp of ~75 uM (Fig. S2D). This is in line with literature data ranging
from 40-100 uM depending on extracellular Ca>" concentration
(Rassendren et al., 1997). Therefore, stimulation with 100 uM
BzATP produced a P2X7R-specific and, in terms of ligand
occupancy, relevant response for further investigation of
downstream events.

We then investigated whether P2X7R activation induces TG2
secretion. TG2-transfected P2X7R cells were treated with agonist
for 5, 10 or 30 min, followed by a 30-min chase period after agonist
wash out. Supernatants of both fractions were analyzed for TG2 by
western blotting. Within 10 min of BzATP application, pulse
fractions revealed substantial TG2 secretion in agonist-treated but
not vehicle-treated cells (Fig. 2A). No TG2 export was seen after
5 min indicating that kinetics were considerably slower than Ca"
signaling. Interestingly, elevated TG2 levels in the chase fraction
were observed in cells that were exposed to BzATP for 5 min
(Fig. 2A) or even 1 min (data not shown), indicating that P2X7R
activation, and not subsequent events occurring upon prolonged
agonist exposure, triggers TG2 export. As TG2 levels in the chase
fraction were independent of the agonist exposure time (Fig. 2A), it
appears that, once initiated, the TG2 export mechanism is active
over an extended time period and leads to gradual extracellular TG2
accumulation at a constant rate. Note, the amount of secreted TG2 is
small compared to the total and, hence, export does not deplete

cellular TG2 over the time period investigated (Fig. 2D, cell lysate).
To further demonstrate that this cell response required P2X7R
activity, we employed the competitive P2X7R inhibitor A740003.
At 5uM, it completely blocks a rise in the intracellular Ca**
concentration ([Ca®'];) in response to BzATP (Fig. 2B, top panel),
and this is reversible upon inhibitor wash out (Fig. 2B, bottom
panel). BZATP stimulation of cells in the presence of this inhibitor
was unable to trigger TG2 secretion (Fig. 2C), demonstrating that
active secretion of TG2 is a P2X7R-regulated process.

P2X7R-mediated TG2 export is not linked to loss of cell
membrane integrity or apoptosis

Shedding of membrane-bound particles containing TG2 together
with the lipid raft protein flotillin-2 has been reported (Antonyak
etal., 2011). Hence, we investigated whether P2X7R-mediated TG2
secretion correlated with flotillin-2 release. Western blot analysis of
cell lysates confirmed that flotillin-2 and TG2 were expressed at
comparable levels in P2X7R and parental cells (Fig. 2D, cell lysate).
Only P2X7R cells responded to BZATP stimulation with release of
flotillin-2 into the cell supernatant, indicating P2X7R-dependent
vesicle shedding (Fig. 2D, medium). Similar to TG2, flotillin-2 was
present in the pulse fraction and accumulated in the chase fraction,
potentially indicating co-release. To further analyze secreted
material and exclude protein release through passive cell lysis we
investigated externalization of the cytosolic proteins [xBo,, GAPDH
and B-tubulin, as well as of HMGB-1 which is secreted non-
classically via the exosome pathway (Lu et al., 2012). We were
unable to detect any of these proteins in the cell supernatant after
P2X7R activation (Fig. 2E and data not shown). However, given
that prolonged stimulation of P2X7R can lead to cell death
(Mackenzie et al., 2005), and this crucially affects the
conclusions, we designed experiments to more selectively
investigate loss of membrane integrity and apoptosis, respectively.
First, release of cytosolic lactate dehydrogenase (LDH) was
quantified after stimulation of either P2X7R or parental cells with
BzATP for 10 min. No P2X7R-induced release of LDH was seen
(Fig. S3A). Second, BzATP-treated P2X7R cells were chased for
various times up to 22 h and assessed for caspase-3 activation by
western blotting. Activated caspase-3 could not be detected at any
time (Fig. S3B) whereas within 6 h of TNFa stimulation caspase-3
cleavage was evident as reported (Arlt et al., 2003). These data show
that TG2 externalization is not related to cell damage or death but is
a selective process, possibly linked to P2X7R-dependent membrane
changes. This is consistent with activation of P2X7R triggering
rapid alterations in membrane topology without causing cell death
in a manner that completely reverses as [Ca®*]; falls, unless receptor
stimulation is sustained for long time periods (Mackenzie et al.,
2005).

TG2 localizes to membrane subdomains upon cell
stimulation with P2X7R agonist

In P2X7R-expressing cells, the prolonged increase in [Ca”"]; upon
BzATP application was followed within 30 s by extensive cell
blebbing as visualized by real-time microscopy (Fig. 3A, arrows).
The term ‘blebbing’ is used here to describe formation of plasma
membrane projections due to Rho-dependent actin reorganization
that follow P2X7R activation (MacKenzie et al., 2001; Pfeiffer
et al.,, 2004). This response is P2X specific. Stimulation of the
parental cells, which express P2Y receptors, with ATP induced
smaller transient oscillations in [Ca®']; but no apparent
morphological changes (Fig. 3A). This led us to speculate that
TG2 externalization might be linked to membrane bleb formation,
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Fig. 2. P2X7R activation mediates TG2 externalization. (A) Analysis of TG2 secretion in HEK293 P2X7R cells. TG2-transfected cells were stimulated with
BzATP or vehicle for indicated time (pulse), then incubated for 30 min in agonist-free medium (chase). TG2 secretion into cell-free supernatants was assessed
by western blotting. (B) Inhibitor A740003 reversibly blocks P2X7R activation. P2X7R cells were incubated with Fluo-4-AM and 5 pM P2X7R inhibitor for 20 min
prior to BzATP stimulation in the presence of inhibitor (top), washed with inhibitor-free medium for 5 min, and then re-stimulated with BzZATP (bottom). The
fluorescence (Ao, 488 Nnm; Ao, 500-535 nm) change in individual cells was monitored by confocal microscopy (meants.e.m., n=30) (right). Optical sections
of the same field before and 180 s after BZATP addition are shown (left). Scale bar: 25 ym. (C) P2X7R inhibitor (inh) blocks TG2 secretion. TG2-transfected
P2X7R cells were pre-treated with P2X7R inhibitor or vehicle for 10 min before BzZATP stimulation as indicated. TG2 release into medium was assessed as in
A. (D,E) Cells release membrane-bound particles upon P2X7R activation. TG2 transfected P2X7R or parental cells were BzZATP stimulated for 10 min, and
chased in agonist-free medium. Conditioned media and cell lysate were analyzed by western blotting for TG2 and the microvesicle marker flotillin-2 (D) or, as a
control, B-tubulin, IkBo. and HMGB-1 (E).

and we used GFP-tagged TG2 to monitor its redistribution in live  re-localized to sites where new membrane protrusions formed
cells. We confirmed that P2X7R activation triggered externalization  (Fig. 3C, arrow). However, despite abundant bleb formation, careful
of tagged TG2 similar to wild-type TG2 (Fig. 3B). Analysis by reconstruction from image sequences revealed that these large
confocal microscopy revealed a clear ubiquitous cytoplasmic —membrane protrusions remained continuous with the plasma
distribution for TG2-GFP (Fig. 3C). Upon P2X7R activation, membrane and were eventually retracted by cells. We obtained
TG2—GFP was rapidly translocated into membrane blebs, and freely ~ similar results for N- and C-terminally tagged TG2 indicating that
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Fig. 3. Membrane blebs induced by P2X7R activation contain TG2. (A) P2X7R signaling induces rapid membrane blebbing. Fluo-4-AM-loaded P2X7R cells
were stimulated with BzATP while acquiring fluorescence and phase-contrast images by real-time microscopy to visualize morphological changes and Ca**
signaling simultaneously (top). Membrane blebs are indicated by arrows. ATP stimulation of parental cells induces oscillating Ca®* signals but no overt
morphological changes (bottom). Scale bar: 25 um. (B,C) TG2 redistributes into membrane blebs. To confirm export of tagged TG2, TG2- (wild-type, WT) or TG2—
GFP-expressing P2X7R cells were stimulated with 100 yM BzATP for 10 min, chased for 30 min in agonist-free medium, followed by analysis of conditioned
media and cell extracts for TG2 by western blotting (B). To localize GFP-tagged TG2 during BzATP stimulation, real-time confocal microscopy was employed.
Genesis of a membrane bleb is depicted (arrows), with an optical section of GFP fluorescence overlaid onto phase-contrast images to correlate morphological

changes with changes in TG2 distribution (C). Scale bar: 10 pm.

the position of the tag did not substantially alter protein localization.
Although we were unable to directly visualize TG2 release, a
noticeable reduction in fluorescence upon P2X7R activation
indicated that the intracellular pool of TG2 was rapidly
diminished, consistent with its relocation into the medium (Fig. 3B).

P2X7R-agonist-induced TG2 secretion is independent of
microvesicle shedding

As small vesicles might be released by cells that are beyond the
resolution of conventional confocal microscopy, we used light
scattering combined with particle tracking to further analyze cell-
free supernatants for nanoparticles. A robust increase in particle
shedding by P2X7R cells upon BzATP treatment was observed
during stimulation and in the subsequent chase period (Fig. 4A).

Most of the secreted particles had diameters of 81-262 nm (Fig. 4B)
in line with more variably sized microvesicles, rather than exosomes
that originate from multivesicular bodies, which are size-
constrained and typically <90 nm (Cocucci et al., 2009). TG2
expression modestly increased the proportion of larger particles
(Fig. 4B) but did not substantially alter total particle release
(Fig. 4A). To understand whether TG2 localizes in microvesicles,
freshly harvested conditioned medium was subjected to differential
centrifugation and resulting pellets and supernatant were analyzed
by western blotting (Fig. 4C). TG2 mainly localized to the 100,000 g
supernatant fraction containing soluble proteins (S5), with some
TG2 found in very large aggregates or associated with organelles
(P2) but not in the microvesicle fraction (P4). To substantiate this,
microvesicles were separated using a sucrose density gradient
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Fig. 4. P2X7R-mediated TG2 export is not due to microvesicle release. (A,B) Analysis of vesicle release by nanoparticle tracking. TG2- or mock-transfected
P2X7R cells were stimulated with BzATP for 10 min, chased for 30 min in agonist-free medium, and conditioned media were analyzed for nanoparticles using
light scattering in combination with particle tracking (Nanosight). Particle distribution and total particle concentration is shown (meants.e.m.; n=5) (A). Particles
were broadly assigned to one of four fractions based on volume: representing exosomes (~60 nm; <80 nm diameter), microvesicles (~145 nm; 81-262 nm),

larger vesicles (~335 nm; 263—425 nm) and aggregates or membrane blebs (>426 nm) (B). (C,D) Analysis of isolated microvesicles for TG2. Cell-free medium
(S1) from BzATP- or control-treated cells was subjected to differential centrifugation (P, pellet; S, supernatant): in C, 3000 g twice (P2, P3), 10,000 g (P4), and
100,000 g (P5, S5), and in D, 3000 g followed by separation of microvesicles (MV) on a sucrose cushion. Fractions were analyzed for TG2 by western blotting.

(Fig. 4D). Again, TG2 was predominantly in the soluble protein
fraction. These data suggest that although P2X7R activation induces
abundant microvesicle release by cells, secreted TG2 is not
apparently associated with microvesicles but present as a free form.

Extracellular Ca®* regulates TG2 externalization, but its
secretion is independent of catalytic enzyme functions
TG2 secretion was effectively stimulated by P2X7R activation in
medium that contains 0.9 mM Ca?*, which is similar to the free
ionized extracellular Ca®" concentration estimated at 1.1-1.3 mM
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(Riccardi and Kemp, 2012), but surprisingly not in medium
containing high Ca?"* (Figs 1D and 5A). BZATP treatment of cells in
the absence of Ca®>' led to enhanced TG2 secretion during
stimulation only (Fig. 5A), indicating that TG2 export was faster
but not sustained. In contrast, flotillin-2 release occurring at 0.9 mM
Ca?" was greatly reduced when cells were stimulated with agonist at
either 0 or 2.2 mM Ca?* (Fig. 5A). This shows that TG2 and
flotillin-2 secretion is differentially affected by the extracellular Ca?*
concentration ([Ca>*].,) and hence, that the underlying mechanisms
are distinct. As microvesicle shedding is a Ca>*-dependent process,

()
Y
C
el
()
w
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-




RESEARCH ARTICLE

Journal of Cell Science (2015) 128, 4615-4628 doi:10.1242/jcs. 175968

T+ -+ -+ 100 uM BZATP |
- -+ - +BzATPtreated|
kDa
98 __
- - —_—a = -— e «— TG2
66—
66__p -—
T - - & ~— flotillin-2
09 22 0 09 22 0 mMCa
B
WT  C7S  WT 7S
1r 1 T r 1
T r -+ -+ 100 uM BzATP
- 4+ - + - + BzATPtreated
kDa
98—
- - - TG2
66—
09 22 09 22 mMCa*
C . D 50

T— parental cells + 100 uM BzATP

— parental cells + 300 uM BzATP
= P2X7R + 100 uM BzATP
| ==P2X7R + 300 uM BzATP

N
'

S
3
il

[ 4
3

o

by
w
hd

YO-PROI uptake
Relative fluorescence (x 104)
Rate of YO-PROI uptake (s™")

-
in

g
i

e
1000 2000 3000 4000
Time (s)

=3

00 05 01,'0 15 20

[Ca™*] (mM)
Fig. 5. Extracellular Ca®* regulates TG2 secretion. (A) P2X7R-mediated
TG2 export at different [Caz"]ex. P2X7R cells expressing TG2 were stimulated
with BzATP for 10 min in medium containing 0.9 or 2.2 mM Ca®" orin Ca**-free
medium, and chased for 30 min in respective media without BzZATP.
Conditioned media were analyzed by western blotting for TG2 and flotillin-2.
(B) TG2 catalytic activity is not required for P2X7R-mediated export. P2X7R
cells expressing TG2 or the TG2 C277S mutant were stimulated with BZATP in
medium containing 0.9 or 2.2 mM Ca®" and TG2 export was assessed as
above. (C,D) [Ca®*]., regulates P2X7R activity. P2X7R or parental cells were
stimulated with BzATP, as indicated, in PSS containing YO-PRO1 and different
concentrations of Ca®*. To determine YO-PRO1 uptake by cells after BZATP
application, changes in well-specific fluorescence (hgy, 480-10 NmM; Ag,, 520-
10 nm) were monitored over time. A representative experiment of dye uptake in
Ca?"-free PSS is shown as meants.e.m. of two wells (C). In D, the initial rates
of YO-PRO1 uptake at different [Ca2+]ex in response to 300 uM BzATP are
given (meants.e.m.; n=2).

TG2 release in Ca®'-free medium supports a vesicle-independent
mode of release, in line with previous data (Fig. 4).

To exclude Ca®"-dependent loss of externalized TG2 due to cell
surface retention through interaction with substrates or autocatalytic
crosslinking, we compared secretion of wild-type TG2 with
crosslinking-incompetent TG2 C277S (Stephens et al., 2004).
BzATP stimulation of cells induced export of both TG2 and TG2
C277S at 0.9 mM Ca®" but not at 2.2 mM (Fig. 5B). This indicates
that the lack of TG2 secretion at high [Ca?']., is not due to TG2
activity but might reflect differences in the P2X7R activation state.
This is further supported by high [Ca®"]., also affecting flotillin-2
release (Fig. SA). Besides cation transport, activation of P2X7R can

lead to ‘membrane pore’ formation which manifests as apparent
permeability of the plasma membrane to cationic molecules such as
YO-PROL1 (Virginio et al., 1999; Pelegrin, 2011; Browne et al.,
2013). Measurement of YO-PRO1 uptake confirmed that P2X7R
cells, but not parental cells, form membrane pores upon BzATP
treatment (Fig. 5C), and that the dye uptake rate is inversely
correlated to [Ca?'] (Fig. 5D). Ca®>*—nucleotide interactions could
potentially limit the effective agonist concentration. However, the
observed BzATP dose response is not consistent with this
explanation (Fig. S3C). Therefore, in our experiments, Ca>" likely
acts as an allosteric regulator of P2X7R, either directly or indirectly
inhibiting receptor activation as previously suggested (Yan et al.,
2011). Taken together, this suggests that high [Ca®']., is an
important negative regulator of TG2 secretion, whereby Ca®* ions
appear to regulate P2X7R activation rather than influencing TG2
activity during export.

TG2 export is linked to P2X7R-mediated membrane pore
formation

To assess the contribution of the initial ion flux on TG2 secretion,
calmidazolium was employed. This compound is an inhibitor with
broad selectivity for voltage-gated fast-acting Na/K* and L-type
Ca?" channels that also inhibits the initial ATP-evoked ion flux
through P2X7R without affecting the downstream membrane pore
formation (Virginio et al., 1997). Calmidazolium has an
extracellular mode of action on P2X7R. BzATP-induced TG2
export in P2X7R cells was unaffected by the presence of
calmidazolium but flotillin-2 secretion was blocked (Fig. 6A).
The inhibitor had no effect on pore formation activity of P2X7R
(Fig. 6B) but substantially reduced the rise in [Ca*']; mediated by
P2X7R activation (Fig. 6C). This indicates that TG2 secretion is
linked to P2X7R-dependent pore formation but not the initial ion
flux and associated membrane depolarization.

Given that TG2 secretion was induced by P2X7R activation in
Ca?"-free medium but the kinetics of export were altered (Fig. SA),
we investigated whether Ca®* release from intracellular stores plays
arole. P2X7R cells were pre-loaded with the Ca®* chelator BAPTA-
AM to buffer free cytosolic Ca>* prior to BzATP stimulation in
Ca**-free medium. This reduced TG2 release to near baseline levels
(Fig. S3D), confirming that Ca®* signaling has a role in TG2 export
as previously suggested (Zemskov et al., 2011). Conversely,
cyclopiazonic acid (CPA) was applied to inhibit the SERCA Ca?*
transporter to trigger a rise in [Ca®']; in the absence of P2X7R
activation. CPA addition alone was unable to induce TG2 secretion
(Fig. S3D), despite inducing a peak [Ca®']; of the same magnitude
as P2X7R activation when used at 20 uM (Fig. S3E). This indicates
that a rise in [Ca?*]; by itself is not sufficient to induce TG2 export.
TG2 secretion is pannexin independent but enhanced by
activating mutations in P2X7R
P2X7R-mediated membrane pore formation has been proposed to
relate to P2X7R channel dilation upon saturation of ATP-binding
sites, possibly combined with acquisition of additional subunits
(Browne et al., 2013) or alternatively, by coupling to another
channel (i.e. pannexin-1) (Pelegrin and Surprenant, 2007,
Gulbransen et al., 2012). We evaluated the latter by treating cells
with pannexin inhibitors. Neither the peptidic competitor '°Panx
(Pelegrin and Surprenant, 2007) nor trovafloxacin (Poon et al.,
2014) had any effect on BzATP-stimulated YO-PRO1 uptake
(Fig. 7A) or TG2 export. We therefore sought to clarify whether the
C-terminally truncated P2X7R splice variant B that lacks pore
forming ability (Adinolfi et al., 2010) supports TG2 secretion.
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Fig. 6. TG2 export is independent of K* efflux and membrane
depolarization. (A) Calmidazolium (calm) blocks flotillin-2 but not TG2
release. TG2-transfected P2X7R cells were pre-treated for 10 min and then
stimulated with BzZATP in medium containing 1 uM calmidazolium or vehicle.
Cells were chased in agonist-free medium, and conditioned media analyzed by
western blotting for TG2 and flotillin-2. (B) Calmidazolium does not affect
P2X7R-dependent ‘membrane pore’ formation. P2X7R cells were pre-treated
with calmidazolium, P2X7R inhibitor A740003 or vehicle for 10 min prior to
stimulation with 100 uM BzATP in the presence of respective inhibitors or
carrier in PSS containing YO-PRO1 and 0.9 mM Ca®". Dye uptake was
monitored over time. Results are shown as meanzts.e.m. of two wells, and are
representative of three independent experiments. (C) Calmidazolium
ameliorates the large rise in [Ca2+]i. Fluo-4-AM-loaded P2X7R cells were pre-
treated with calmidazolium, P2X7R inhibitor or vehicle for 20 min prior to
stimulation with 100 uM BzATP in the presence of inhibitors or carrier.
Fluorescence change (Agy, 485-12 nm; A, 520-10 nm) relative to control in
response to agonist treatment was monitored (meanzs.e.m. of eight replicate
wells).

However, expression of this variant after site-specific stable
integration or transient transfection was very low as determined
by western blotting of cell lysates (Fig. 7B), and we were unable to
confirm cell surface localization with antibodies against the P2X7R
extracellular domain. Nevertheless, we attempted to confirm
agonist-mediated membrane depolarization using the sensitive
voltage-sensing FRET probes CC2-DMPE and DiSBAC, (Wolff
et al.,, 2003). Only cells expressing wild-type P2X7R showed
membrane channel activity (response ratio for P2X7R, 1.53+0.04
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with BZATP, 2.17+0.12 with KCl, 1.07+0.06 with control solution;
for P2X7R variant B, 1.10£0.03 with BzATP, 1.74+0.10 with KCI;
meants.d., n=4), suggesting altered trafficking and degradation of
the truncated receptor variant.

A mutation in mouse P2X7R renders it deficient in pore-forming
activity (Sorge et al., 2012). As the affected sequence motif in the
P2X7R C-terminal domain is conserved in humans, we generated
cells expressing human P2X7R with the analogous mutation P451L
(Fig. 7B,C). However, these cells formed membrane pores in
response to BZATP as revealed by YO-PRO1 uptake (Fig. 7D). This
led us to investigate the gain-of-function P2X7R variant, A348T,
which confers increased risk for autoimmune disease in man
(Stokes et al., 2010), to substantiate a link between pore formation
and TG2 secretion. Cells expressing P2X7R A348T (Fig. 7B,C) had
a substantially increased propensity to form membrane pores as
evidenced by enhanced peak pore activity (Fig. 7D) and by pore
formation at very low BzATP concentrations (Fig. 7E). This
enhanced pore activity was reflected in a corresponding increase in
TG2 export (Fig. 7F,G). Interestingly, we also observed BzATP-
induced secretion of thioredoxin-1 (Fig. 7H), an enzyme that can re-
activate oxidatively inactivated TG2. This not only indicates that
membrane pore activity controls the rate of TG2 export but that it
leads to co-secretion of TG2 with thioredoxin-1 (Fig. 8).

DISCUSSION

Here, we identify P2X7R as the central regulator of the pathway that
enables active export of TG2 and its co-activator, thioredoxin-1.
The action of both of these enzymes has been linked to specific
immune responses (lismaa et al., 2009; Jaeger et al., 2013), and this
might therefore constitute a pathway for export of proteins relevant
to innate immunity. Besides having roles in re-instating tissue
integrity following injury or roles associated with infection control,
TGs including TG2 have been implicated in immune regulation
(Téth et al.,, 2009; Loof et al., 2011). Here, we show that in
monocytes and macrophages, purinergic signaling triggered rapid
TG2 export in the absence of TLR engagement, and that this
response was dependent on P2X7R but did not require caspase-1
activity. Likewise, introduction of P2X7R in HEK293 cells devoid
of other inflammasome components (Lu et al.,, 2012) instated
agonist-regulated rapid TG2 export. Taken together, the data
demonstrate that P2X7R signaling alone is sufficient to trigger
TG2 export, and involvement of an inflammasome-independent
mechanism of export is further supported by the fact that
externalized TG2 was not associated with vesicles or co-secreted
with exosome-associated HMGB-1.

A redox-sensitive Cys switch promotes oxidative inactivation of
TG2 (Stamnaes et al., 2010), a mechanism that is thought to
contribute to rapid enzyme inactivation in the extracellular milieu
(Jin et al., 2011) and thereby, to prevent aberrant crosslinking that
might lead to fibrosis and potentially autoimmunity through neo-
epitope formation (Aeschlimann and Thomazy, 2000; lismaa et al.,
2009). However, it has been shown that extracellular-matrix-
associated TG2 can be reactivated by thioredoxin-1 released from
activated monocytes during inflammation (Jin et al., 2011). Cell-
surface-associated thioredoxin-1 plays a key role in innate
immunity, particularly in mucosal epithelia where it activates -
defensin-1 (Jaeger et al., 2013). Interestingly, thioredoxin-1 is also
an unconventionally secreted protein (Rubartelli et al., 1992), and
our results show that it is in fact co-secreted with TG2. We speculate
that thioredoxin-1 might not primarily act on pre-existing
extracellular TG2 but could have a role as a chaperone during
active TG2 export, enabling conversion of TG2 into its active
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Fig. 7. P2X7R-mediated membrane pore
formation is required for TG2 externalization.

(A) P2X7R-mediated pore formation is pannexin
independent. P2X7R cells were pre-treated with
"Panx or trovafloxacin (Trova) as indicated, and then
stimulated with BzZATP in PSS with respective
inhibitors, YO-PRO1 and 0.9 mM Ca®*. Results are
given as initial rates of dye uptake relative to control
(meanzs.e.m.; n=3). Pannexin inhibitors did not affect
dye uptake, neither at limiting nor saturating agonist
concentration. (B,C) Characterization of expression
of mutant P2X7Rs. Extracts of cells stably expressing
wild-type (wt), A348T or P451L P2X7R, or the P2X7R
variant B (varB) were analyzed by western blotting
with antibodies against the P2X7R extracellular
domain and B-tubulin, as a loading control (B).
Membrane localization of receptor was confirmed by
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immunocytochemistry (C; compare to Fig. S2B).
Images reflect an optical section acquired by confocal
microscopy. Scale bar: 12.5 ym. (D,E) Pore formation
is enhanced in cells expressing P2X7R A348T.
YO-PRO1 uptake following stimulation of cells with

] 100 uM BzATP is shown as meanzts.e.m. (n=3)
¥ fluorescence (D). Comparison of initial rate of YO-
PRO1 uptake for P2X7R-A348T- and P451L-
\ expressing cells highlights increased pore activity for
& Ko~ 70+100M P2X7R A348T but unchanged ligand regulation
(E). Results are meanzs.d. (n=2). (F-H) TG2 export

BzATP (mM)

10.]
correlates with receptor pore activity. TG2-transfected

cells expressing P2X7R variants were stimulated with
BzATP for 10 min, and chased in agonist-free
medium. Conditioned media were analyzed by

10 min pulse 30 min chase

western blotting for TG2 (F), and results (meant

s.e.m., n=3) quantified by densitometry (G). Note, cell
lysates confirm comparable TG2 expression levels in
different cell lines (F). For thioredoxin-1 (Trx)
detection, media (P2X7R cells) were analyzed by
western blotting after separation in 16% SDS-PAGE
Tricine gels (H).
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conformation. Such a mechanism could explain why, in celiac
disease, active TG2 accumulates in the intestinal mucosa
(Korponay-Szabd et al., 2004).

Purinergic signaling fulfills the pre-requisites for a unifying
pathway regulating TG export

As TG2, and also other TGs, can be externalized by a range of cells
including myeloid, mesenchymal, endothelial and epithelial cells
(Aeschlimann and Thomazy, 2000; Nurminskaya and Belkin,
2012), it is implausible that this involves multiple highly divergent
mechanisms as proposed previously. P2X7R is not restricted to the
hematopoietic lineage as originally thought but is also widely
distributed among mesenchymal, endothelial and epithelial cells,
and in the central and peripheral nervous system (Bartlett et al.,
2014). Activation of P2X7R occurs not only in conjunction with
injury, cell stress and inflammatory processes but has major

wit|
varB
A48T

PHIL

P451L

independent roles in the musculoskeletal (Garcia and Knight, 2010)
and nervous system (Burnstock, 2015), contexts within which TG2-
mediated extracellular reactions are also prevalent (Aeschlimann
et al., 1995; lismaa et al., 2009; Thomas et al., 2013).

Unlike previous work, our data implicate a regulated pathway in
TG2 export. This mechanism might be activated to a varying extent
under different conditions. A key finding here is that Ca?" levels
present in many media formulations impair TG2 release. Our data
with catalytically inactive TG2 C277S show that this is not related to
the regulation of TG2 by Ca®" but due to suppressed P2X7R
functionality, in line with evidence suggesting that divalent cations,
including Ca?", allosterically inhibit P2X7R (Yan et al., 2011).
Therefore, the differences in extracellular Ca?** or ATP
concentrations might explain some contradictory findings in the
literature. It is worth noting that modest shear stress during medium
exchange or passaging can trigger cellular ATP release (Rumney
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externalization. As thioredoxin can reactivate TG2 functionally blocked in an oxidized state, this might ensure that externalized TG2 has transamidation activity.

Flot2, flotillin-2.

et al., 2012) and, consequently, P2X7R-mediated TG2 release at
low (0—1 mM) but not high (>2 mM) [Ca®']... Hence, endogenous
P2X7R activation might explain apparently ‘constitutive’ TG2
secretion.

Crucially, in our HEK293 model, TG2 is not retained at the cell
surface or internalized, unless an appropriate cell surface receptor is
introduced (Fig. S4). Hence, TG2 export can be directly assessed by
quantification in the cell supernatant. Thus, our system is
overcoming intrinsic difficulties that hampered progress in the
analysis of TG2 export previously, including quantification of cell-
surface-associated TG2 without disrupting cell integrity or endocytic
TG2 uptake and retrograde transport. This, together with modulation
of the different P2X7R activities with small molecules or by
mutagenesis, provided strong evidence for a direct link between
P2X7R signaling and TG2 export. Our data is not contradictory to
passive TG2 release as a consequence of a substantial insult,
including mechanical damage (Upchurch et al., 1987) or TLR
engagement (Siegel et al., 2008), or to vesicle-associated TG2
release under circumstances such as serum-starvation-associated cell
stress (Antonyak et al., 2011). Rather, it suggests that purinergic
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signaling links controlled TG2 export to specific extracellular
functions. Furthermore, given that microvesicle-associated TG2 has
been shown to colocalize with fibronectin (Antonyak et al., 2011), an
extracellular enzyme localization is implied. Therefore, it is possible
that TG2 preferentially binds to plasma membrane subdomains
where specific types of microvesicle form (pericellular matrix
reorganization), thereby explaining the apparent association, but that
this occurs subsequent to membrane translocation.

Different activities of TG2 as well as sequence motifs for
interaction with proteins and phospholipids have been implicated in
the export process (Balklava et al., 2002; Scarpellini et al., 2009;
Chou et al., 2011; Zemskov et al., 2011). Our data show that
transamidation activity is dispensable for export and that tagging
TG2 with GFP does not prevent export, thereby excluding a
terminal targeting signal. Blocking TG2 interaction with classically
secreted proteins such as fibronectin, syndecans and integrins might
alter extracellular localization or endocytic uptake and trafficking of
TG2 (Antonyak et al., 2011; Chou et al., 2011; Zemskov et al.,
2011) but cannot explain how the implied membrane translocation
occurs.
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Mechanistically, TG2 export is linked to the secondary
permeability pathway

Several lines of evidence show that TG2 export is linked to the
‘membrane pore’ activity associated with P2X7R activation (Fig. §).
Our data show that TG2 export is mechanistically separate from
microvesicle shedding. In line with this, P2X7R induces bleb
formation and microvesicle shedding through actin reorganization
mediated by the MAPK p38 family and Rho activation, whereas
YO-PROI uptake by cells is insensitive to cytochalasin-D (Pfeiffer
et al., 2004). We further show that TG2 export is not induced by a
[Ca?']; rise alone nor abrogated by pharmacological suppression of
P2X7R ion channel function without affecting membrane pore
formation. In contrast, introducing a mutation in P2X7R that
enhanced pore activity resulted in accelerated TG2 export.

P2X7R is the only P2X receptor where membrane pore formation
is consistently observed, and this activity is therefore a defining
feature of it. Although mechanistically not fully understood, it
requires the extended unique C-terminal intracellular tail (Smart
etal., 2003; Sun et al., 2013). Recent data suggest that large cations
can pass through the P2X7R channel itself, and that blocking the
channel prevents dye uptake by cells (Browne et al., 2013).
However, a larger channel diameter than expected from available
structural data (Hattori and Gouaux, 2012) would be required to
adequately explain permeation of some molecules, and a more
substantial conformational change than predicted from existing
structural data is indeed supported by a recent study (Allsopp and
Evans, 2015). Interestingly, P2X7R also couples to effectors
implicated in dye permeability, and a sustained [Ca®’]; elevation
by itself has been shown to trigger membrane pore opening (Bartlett
etal., 2014). In our HEK293 model, calmidazolium attenuated Ca>*
influx but did not affect membrane pore activity suggesting that
distinct permeation pathways are involved. Pannexin-1 is not
involved, as shown with inhibitors, consistent with the data of others
(Sun et al.,, 2013). Physiologically, the secondary permeability
pathway might have a role in the release of secondary messengers,
for example, glutamate release in P2X7R-expressing HEK293 cells
has been reported (Cervetto et al., 2013). Given the delay between
P2X7R-dependent Ca®" signaling and detection of changes in
extracellular TG2, we cannot exclude a role of a secondary
messenger system. However, it is conceivable that this pathway
constitutes a pore through which proteins can be trafficked through
co-translocational unfolding (Rodriguez-Larrea and Bayley, 2014).

TG2 activation is biological context-dependent

Given its requirement for high extracellular ATP concentration,
P2X7R will primarily be activated after injury, in the context of
inflammation or in the tumor microenvironment. Enhanced TG2
expression by resident fibroblasts and infiltrating myeloid cells is an
integral part of the tissue repair response and leads to accumulation of
extracellular TG2. TG2 secretion is thought to bring about its
activation through Ca®*-induced conformational changes (Pinkas
etal., 2007). However, it is possible that high extracellular nucleotide
concentrations at sites of injury or inflammation not only activate
P2X7R itself but also control TG2 activation as purine nucleotides are
allosteric inhibitors, although the apparent binding affinity for ATP is
low (~1 mM) compared to GTP (~3 uM) (Han et al., 2010; Thomas
et al., 2013). Furthermore, a proposed heparan-sulfate-binding site is
unique to the GTP-induced conformation (Lortat-Jacob et al., 2012)
and such an interaction would stabilize this conformation and prevent
Ca*" binding. Therefore, it is worth noting that signaling functions
for extracellular-nucleotide-bound enzyme have been postulated
(Johnson and Terkeltaub, 2005; Téth et al., 2009).

Implications for TG2-mediated disease processes
P2X7R is highly polymorphic, and it has become increasingly clear
that some amino acid mutations predispose to disease (Bartlett et al.,
2014). We have shown here that a polymorphism in the second
transmembrane domain that is associated with autoimmune disease
(Stokes et al., 2010) facilitates membrane pore formation leading to
enhanced TG2 secretion. This opens the possibility that the
threshold for activation of TG2 export differs between individuals
depending on their P2RX7 genotype, and this might constitute a risk
factor for diseases where TG2-mediated reactions cause pathology.
This extends to animal models of disease. Notably, in contrast to
mouse strain 129, the C57BL/6 background widely used in genetic
studies carries P2X7R P451L which lacks the capacity to form
membrane pores (Sorge et al., 2012). Different mouse lines might
therefore differ with regards to the capacity for active TG2 export.
In conclusion, we have demonstrated that TG2 export is regulated
by purinergic signaling, and that P2X7R plays a central role in this
process. Our findings provide an explanation for the link between high
levels of extracellular TG2 activity and inflammatory responses, and
thereby identify a new avenue to limit TG2 activity therapeutically
in conditions where enzyme function directly drives pathogenic
processes, including fibrotic disease and gluten-related disorders.

MATERIALS AND METHODS

Cell culture

THP-1 monocytic leukemia cells were grown in suspension in RPMI1640
medium containing 10% heat-inactivated fetal bovine serum (FBS),
streptomycin and penicillin. Mononuclear cells were isolated from
heparinized human blood (with informed consent of donors and approval
of the Research Ethics Committees, REC10/MRE09/28) on Ficoll-Plaque
PREMIUM (GE Healthcare), washed in PBS, and cultured for 7 days as
THP-1 cells but with addition of 20 ng/ml human GM-CSF (Preprotech) to
derive M1 macrophages. HEK293 flp-in cells (Invitrogen) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS, the
above antibiotics and 100 pg/ml zeocin (Invitrogen). Experiments were
conducted without antibiotics.

Generation of stably transfected cell lines

P2X7R was amplified by PCR from image clone (ID:4298811) using the
primers specified in Table S1 to generate wild-type, truncated and V5-tagged
coding sequences, which were cloned into pcDNA5/VS-His/FRT vector
(Invitrogen). Constructs for P2X7R mutants were generated by site-directed
mutagenesis using the oligonucleotides given in Table S1. The coding
sequence of all constructs was verified by sequencing. Cell lines were
generated by co-transfection of P2X7R and recombinase (pOG44, Invitrogen)
expression vectors into HEK293 flp-in cells using FuGENE 6 (Promega),
followed by selection of stable transfectants with hygromycin B (100 pg/ml).

THP-1 cell differentiation and activation

Cells were differentiated with 0.05 pg/ml TPA, and for IL-1B upregulation,
treated with 100 ng/ml LPS for 24 h. For activation, cells (1x10° cells/well)
were suspended in PSS (10 mM Hepes-NaOH, pH 7.4, 147 mM NacCl,
2 mM KCl, 1 mM MgCl,, the indicated CaCl, concentration and 12 mM
glucose) and stimulated with ATP. Medium was carefully collected and
rendered cell-free by centrifugation (1500 g, 10 min). Cells were extracted
on ice in 20 mM Hepes-NaOH, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1%
Triton X-100, 0.25% deoxycholate, 10% glycerol, | mM PMSF and 1 mM
N-ethylmaleimide, and the extract was cleared by centrifugation (15,000 g,
10 min, 4°C). IL-1B concentration in conditioned medium (100 pl) was
determined by capture ELISA (Ready-SET-Go Set, eBioscience).

Immunocytochemistry

Cells grown on poly-L-lysine-coated coverslips were fixed with 2%
paraformaldehyde in PBS for 10 min, and permeabilized in 0.1% Triton
X-100 in PBS. After blocking of non-specific binding with 1% BSA in PBS,
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P2X7R was detected with 2 pg/ml anti-P2X7R antibodies (sc-25698, Santa-
Cruz Biotechnology) and Alexa-Fluor-488-conjugated secondary
antibodies. Coverslips were mounted using Vectashield containing DAPIL.

[Caz*]i measurements in individual cells

Fluo-4-AM (Invitrogen) Ca®" indicator was prepared in DMSO containing
20% Pluronic F-127. Cells (7x10* cells/well) in poly-L-lysine-coated glass
bottom dishes (50 mm; MatTek) were loaded for 20 min with 3 uM Fluo-4-
AM in OptiMEM (Invitrogen). Medium was replaced with fresh OptiMEM,
and cells were monitored by confocal microscopy during ATP or BzATP
(Sigma) stimulation at 37°C and 5% CO,. Real-time videos were acquired
(2.62's between frames, 63x objective) using sequential scanning. For
experiments with P2X7R antagonist, cells were loaded with Fluo-4-AM in
OptiMEM containing 5 uM A740003 (Tocris) prior to stimulation with
agonist in A740003-containing OptiMEM. Images were analyzed using the
LAS-AF software (Leica).

Analysis of TG2 externalization

Differentiated THP-1 cells (1x10° cells/well) and primary macrophages
(1x10° cells/well, 24-well plates) were stimulated with P2X7R agonists in
OptiMEM. HEK293 P2X7R or parental cells (1.5x10° cells/well, 24-well
plates) were transfected with 0.5 pg expression construct for wild-type TG2
or TG2 C2778S (Stephens et al., 2004), or GFP-tagged TG2 (Table S2) using
FuGENE-6. After 48 h, cells were washed with pre-warmed and gassed
OptiMEM, and stimulated with P2X7R agonist or CPA (Merck-Millipore) in
OptiMEM (250 pl/well). For inhibitor studies, cells were treated with 5 pM
A740003, 1 uM calmidazolium chloride (Merck-Millipore), 10 uM BAPTA-
AM (Merck-Millipore) or vehicle for 10 min, and then stimulated with
BzATP in the presence of the respective inhibitors as indicated. Caspase-1
inhibitor Ac-YVAD-CMK was prepared fresh in OptiMEM and diluted to a
100 pM final concentration in experiments. Cell supernatant (pulse fraction)
was collected, and cells washed with and subsequently incubated in pre-
warmed and gassed OptiMEM without agonist for 30 min (chase fraction).
Conditioned medium from four wells (six wells for macrophages) were
combined, and rendered cell-free by centrifugation (1500 g, 10 min) for
analysis. Cell surface protein labeling with Sulfo-NHS-SS-biotin and
purification was carried out with the Pierce cell surface protein isolation kit.

Immunoblotting

Lyophilized (500 ul) or ethanol precipitated (1.3 ml, macrophages)
conditioned media were reconstituted at 1/10th or 1/50th of the original
volume in 12.5 mM Tris-HCl, pH 6.8, 4 M urea, 2% SDS, 20 mM EDTA, 2%
B-mercaptoethanol and 15% glycerol. Protein concentrations of extracts were
determined with a bicinchoninic acid protein assay. 20 pl reconstituted media
or 10 pg cell extract together with Amersham LMW-SDS markers were
separated on 4-20% SDS-PAGE Tris/glycine gels (Invitrogen) under
reducing conditions, and transferred onto nitrocellulose membranes. For
thioredoxin-1 detection, ethanol-precipitated (1:9, v/v) proteins (600 pl
medium) were resuspended as above, and separated in 16% SDS-PAGE
Tricine gels (Invitrogen) calibrated with Broad Range marker (11-190 kDa;
NEB). Antibody labeling was performed as described previously
(Aeschlimann et al., 1993) using the monoclonal antibodies CUB7402
against TG2 (0.2 pg/ml), TUB2.1 against B-tubulin (2.6 pg/ml), against
flotillin-2 (0.5 pg/ml; 610383, BD-Biosciences), against HMGB-1 (0.73 pg/ml;
ab184203, Abcam), against the V5tag (20 ng/ml) or the polyclonal anti-
IxBo (1 pg/ml; sc-371, Santa Cruz Biotechnology), anti-caspase-3 (40 ng/ml,
9662, Cell Signaling), anti-P2X7R C-terminus (1 pg/ml) or anti-P2X7R
extracellular domain (1.7 pg/ml; APR-008, Alomone Labs) antibodies.
Anti-thioredoxin-1 antibodies (1:200; FL105, Santa Cruz Biotechnology)
were used with 5% casein as blocking agent. Bound antibodies were detected
with horseradish peroxidase (HRP)-conjugated secondary antibodies and
Amersham ECL™ Plus/Prime. TG2 band intensity was quantified by
densitometry using Image Lab 5.1 software (Bio-Rad).

Analysis of cell damage and apoptosis

To assess cell integrity, LDH release was measured using CytoTox-ONE™
HMI Assay (Promega). Cells (1.2x10° cells/well, 24-well plate) were treated
with BzATP in 300 ul OptiMEM for 10 min (n=4), and cell-free
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conditioned media (100 ul) were analyzed for LDH. For estimation of
total LDH, a replicate well set was subjected to cell lysis.

To assess whether treatment induced cell death, P2X7R cells were
stimulated with BZATP and chased in OptiMEM as described above, and
where indicated subsequently cultured in serum containing DMEM for up to
22 h. Cell extracts and particulate material recovered from conditioned
media were analyzed for caspase-3 by immunoblotting.

Localization of GFP-tagged TG2 using confocal microscopy
P2X7R cells on poly-L-lysine-coated coverslips were transfected with
constructs for expression of N- or C-terminally GFP-tagged TG2. After
24 h, the coverslip was mounted for microscopy into a customized holder
using silicone grease. Cells were kept in OptiMEM at 37°C and 5% CO,,
and stimulated with a defined volume of agonist solution to obtain 1 mM
ATP or 100 uM BzATP while monitoring GFP fluorescence and acquiring
real-time movies.

Detection and isolation of microvesicles

TG2- or mock-transfected P2X7R cells were stimulated with 100 uM
BzATP or vehicle. Freshly collected conditioned media were rendered cell-
free by centrifugation (1500 g, 10 min) and supernatants analyzed for
microvesicles by particle tracking using the NanoSight LM 12 system with a
high-sensitivity camera (Webber and Clayton, 2013). Five 60-s videos per
sample (1x10%-5x10% particles/ml) were recorded at 25.6 frames/s
(gain=250), and analyzed using the NTA2.3 software. Alternatively,
freshly collected conditioned media were subjected to differential
centrifugation at 4°C, with 1500 g for 10 min, followed by 3000 g for
20 min, and then either 10,000 g for 30 min and 100,000 g (SW32Ti,
Beckman) for 1h or subjected to density gradient centrifugation.
Supernatant (1.0 ml) was carefully layered on a Tris-buffered sucrose-step
gradient (0, 20% and 60%) and centrifuged at 100,000 g for 90 min.
Fractions (~1 ml) constituting the top layer and 20%—-60% interface
(microvesicle fraction) as well as pellets were collected. Proteins were
precipitated with 9 volumes of ethanol at 4°C, and analyzed using
immunoblotting.

P2X7R ‘membrane pore’ activity

Cells in poly-L-lysine-coated black optical 96-well plates (Nunc, 165305)
were placed in PSS containing 0-2mM Ca®" and 1pM YO-PRO1
(Invitrogen). The plate was transferred to a FLUOstar Omega reader
(BMG Labtech) equilibrated to 37°C and 5% CO,. BzATP was injected
to obtain a 0—500 uM final concentration (»=3) and fluorescence measured
(4-mm orbital area) every 40 s for 30 min. Where indicated, cells were
preincubated with 100 uM '°Panx (Tocris) for 10 min or 10-100 pg/ml
trovafloxacin (Sigma) for 30 min and stimulated in the presence of
inhibitors. After normalization for well-specific fluorescence, the average
YO-PROI fluorescence of unstimulated cells was subtracted from that of
agonist-stimulated cells to correct for bleaching. Dye uptake rates were
derived by linear regression of data from the initial 5 min.

[CaZ*]; measurements in plate format

Cells (3x10* cells/well) in optical 96-well plates were loaded with Fluo-4-AM,
washed and placed in fresh OptiMEM (90 pl/well). After measuring baseline
fluorescence, different concentrations of BZATP (0-300 uM) or medium alone
were injected (10 pl/well). Fluorescence changes were measured in well mode
over 20 s, with 40 0.1-s intervals followed by 0.4-s intervals. Data from eight
wells per condition were averaged. The fluorescence of the control was
subtracted from data with agonist treatment to correct for bleaching. Data (F,
fluorescence; ¢, time) for the first 10 s were fitted using Eqn 1 to estimate the
maximal fluorescence value (F;,,):

1 — e~ A=Fua)kt
_ o A=Fua)kt

Frew A

whereby kistheassociation constant, A4 isa function ofagonist concentration and
C'is a constant for baseline correction. The association constant obtained from
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data fitting was k=1.8x10~° M ™" s™!. . was then plotted against the agonist
concentration to derive a dose-response curve.

Membrane potential analysis

Voltage sensor probes, coumarin-labeled phospholipid CC2-DMPE (FRET
donor) and oxonol dye DiSBAC,(3) (acceptor) were from Invitrogen. Cells
(3%10* cells/well) in optical 96-well plates were loaded with 10 uM CC2-
DMPE in FRET buffer (10 mM Hepes-NaOH, pH 7.4, 160 mM NaCl,
0.9 mM CaCl,, 1 mM MgCl,, and 10 mM glucose) containing 200 pg/ml
Pluronic F-127 for 30 min, washed and incubated in 100 pul 10 uM
DiSBAC,(3) in FRET buffer for 20 min. Tartrazine (1.2 mM final
concentration) was added, and after 10 min, fluorescence measurements (A,
of 420 nm; A, of 460 nm and 550 nm; 10-nm bandpass filters) were
conducted in well mode at 37°C and 5% CO,. Gain was adjusted to yield
similar baseline readings for each fluorophor at resting potential. Following
baseline acquisition, 10 pl 0.82 M KCI, 1 mM BzATP or buffer control were
injected while monitoring fluorescence. Following subtraction of signal
without cells, the signal ratio (SR) before and at equilibrium after depolarization
was calculated, and the response ratio (RR) derived as RR=SRP°//SRP°!,

Statistics
One-way ANOVA was used and significance between groups determined
with Tukey’s post-test, whereby P<0.05 was considered significant.
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Fig. S1. Differentiation and IL-1 secretion of monocytes, and analysis of cell-associated
TG2 in macrophages.
(A) P2X7R mediated IL-1p release. Untreated or LPS treated THP-1 cells were ATP stimulated in

PSS for 30min as indicated, followed by analysis of cell free supernatants for secreted IL-1p by
capture ELISA (mean+s.e.m., nd=not detectable; 2 independent experiments).

(B) Morphological changes confirm cell differentiation. Phase contrast images of THP-1 cells
analysed in Fig. 1A are shown. THP-1 cells were differentiated for indicated time with 50ng/ml
TPA and stimulated with 100ng/ml LPS as indicated. Bar=50um.

(C) Detection of cell surface-associated TG2. In vitro differentiated primary human macrophages
were stimulated with BZATP for 10min, followed by biotinylation of cell surface proteins prior to
cell extraction. Biotinylated proteins were isolated from extracts on a NeutrAvidin-agarose matrix,
and both unbound (cytoplasm) and bound (cell surface) proteins analysed for TG2 by Western
blotting alongside the respective cell supernatants from stimulation (medium). The biotin-active
ester was omitted from a parallel sample as indicated to corroborate specificity of the cell-surface
protein isolation procedure. Note, only free but not cell-associated extracellular TG2 was cleaved,
and cation chelation with EDTA during stimulation did not prevent TG2 processing indicating that

it is not a metalloproteinase-mediated event.
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Fig. S2. Characterization of cells expressing P2X7R as a transgene.

(A) Expression of P2X7R in HEK293 cells. Cells stably expressing wild-type or V5-tagged P2X7R
were extracted and proteins (25ug/lane) separated by SDS-PAGE under reducing conditions,
followed by Western blotting using antibodies to P2X7R, to V5, or to [-tubulin as a loading

control.
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(B) Immunolocalization of P2X7R. P2X7R and parental cells were fixed, permeabilized and stained
with anti-P2X7R antibodies recognizing the intracellular C-terminal domain as well as DAPI to
highlight nuclei. Fluorescence images (right) representing an optical section acquired by confocal
microscopy are shown alongside phase contrast images (left). Bar=10um.

(C) Intracellular Ca** response in P2X7R and parental cells. Cells were loaded with Ca**-indicator
Fluo-4-AM in OptiMEM for 20min prior to stimulation with ATP or BzATP as indicated.
Fluorescence change in individual cells was monitored by confocal microscopy (Ay=488nm,
Aen=500-535nm) and is given as meants.e.m. (n=12) of a representative experiment. Note, ATP
elicits P2Y receptor responses whereas BZATP is P2X receptor specific. Therefore, parental cells
are not responsive to BZATP but respond to ATP stimulation with transient oscillations in [Ca*"];
which is likely due to activation of P2Y 1R or P2Y2R that are constitutively expressed in these cells
(Schachter et al., 1997).

(D) Changes in intracellular free Ca®" concentration in response to different concentrations of
agonist in P2X7R cells. Fluo-4-AM loaded cells were stimulated with various concentrations of
BzATP ranging from 15-300uM. For clarity, only selected concentrations of a representative
experiment are shown. Data reflects the mean fluorescence (A;=485-12nm, A;,=520-10nm) of the
cell layer from 8 wells after normalization for well-specific baseline fluorescence and subtraction of
data from unstimulated control cells. For analysis, the initial 10s following stimulation were
considered and data was fitted using second order kinetics as outlined in Materials and Methods.

Note, BZATP concentrations <10uM were unable to elicit [Ca*"]; changes.
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Fig. S3. P2X7R-mediated TG2 release is not due to compromised cell integrity or induction
of cell death, and requires events beyond Ca** signaling.

(A) P2X7R activation is not compromising cell integrity. HEK293 P2X7R or parental cells were
stimulated with BZATP for 10min as indicated, and then conditioned media assayed for LDH with
(total LDH) or without (released LDH) prior cell lysis by measuring NADH-dependent resorufin
fluorescence (A, =540-10nm, A, =590-10nm) (meants.e.m., n=3; ns=not significant).

(B) P2X7R activation is not inducing apoptosis. P2X7R cells were BZATP stimulated and chased as
before, and subsequently cultured in serum containing medium for up to 22h. Alternatively,
apoptosis was induced with 20ng/ml TNFa for indicated time. Cell extracts were analysed by
Western blotting for cleaved caspase-3.

(C) P2X7R-dependent “membrane pore” activity is characterized by two states induced at different
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containing YO-PRO1, and fluorescence changes over time upon continuous agonist stimulation
monitored as outlined in Fig. 5C. Results are given as mean fluorescence+s.e.m. at different time
points, and show that the cell response to different agonist concentrations displays a biphasic
profile. This highlights firstly that for BZATP<300uM, altering BZATP concentration relative to
Ca”" concentration does not alter dye uptake in line with changes in free nucleotide concentration
and secondly, that the cellular response >300uM BzATP involves an additional mechanistic
component with slower kinetics.

(D) Rise in intracellular Ca®* concentration alone is not sufficient to induce TG2 secretion but is a
necessary component. P2X7R cells expressing TG2 were treated with 10 or 20uM CPA in Ca**-free
medium to release Ca** from intracellular stores. Alternatively, cells were washed with Ca**-free
medium, pre-treated with 10uM cell permeable Ca**-chelator BAPTA-AM for 10min where
indicated, and then BzATP stimulated for 10min as indicated. Cells were then chased for 30min in
BzATP/CPA-free medium. Conditioned media were analyzed by Western blotting for TG2.

(E) Changes in [Ca®*], mediated by CPA. Change in fluorescence in Fluo-4-AM loaded cells in

response to CPA relative to control was monitored (mean+s.e.m. of 8 replicate wells).
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Fig. S4. TG?2 is not sequestered to cell surface in HEK293 cells.

(A-I) HEK293 flp-in cells stably expressing the G-coupled receptor GPR56 under control of a
tetracycline repressor sensitive promoter (T-REx system) were seeded onto poly-L-lysine coated
coverslips and receptor expression induced with doxycycline for 48h (A-C, G-I) prior to treatment
with 20ug/ml of the oxidation resistant TG2 C**°A mutant (A-C, D-F) or control buffer (G-I) for
various times. Cells were fixed, permeabilised and stained with antibodies to the N-terminus of
GPR56 (red) or to TG2 (green). Data shown reflects 5s after stimulation with TG2. In GPR56
negative cells, no cell surface association of TG2 was observed (E,F), and this remained unchanged
even after prolonged incubation for up to 30min. In contrast, expression of one of the receptors,
GPR56, known to interact with TG2 lead to rapid cell surface association of TG2 (B,C), and
subsequent internalisation.

(K) To further confirm the absence of extracellular cell- or matrix-associated TG2, HEK293 P2X7R
cells expressing wildtype TG2 were BzATP stimulated as before, and the cell layer biotinylated as
in Fig. SIC either immediately after 10min of stimulation or following a 30min chase without
agonist. Extracted unmodified proteins (cytoplasm) or proteins carrying biotin (cell-surface/matrix)
were analysed for TG2 by Western blotting alongside media collected after pulse and chase,
respectively. Virtually none of the externalized TG2 was associated with the cell layer in HEK293
cells in contrast to macrophages (compare to Fig. S1C) which are known to harbor active enzyme at

the cell surface (Toth et al., 2009).
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Table S1. Oligonucleotides used to generate expression constructs. Mutated nucleotides are
shown in bold face.

cDNA Forward primer Reverse primer
Construct

P2X7R-V5 see P2X'TR 57—
TTTCTCGAGGTAAGGACTCTTGAAGCCACT

GTACTG

P2X7R 57— 5/ -CAGGAATCAGGGGTGTGTCATGG
| el GACACACCCCTGATTCCTGGAC
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Table S2. Expression constructs for GFP-tagged human TG2 based on pRc/CMYV vector?

Fusion protein Sequence

GFP-TG2 atg... aaa-gcggccgctcgagcagatcccgecggec—-atg. .. gcctaa
M -GFP- **k - A A A R A D P A A -'M -hTG2- *°A

a; pPRc/CMV-GFP vector was a kind gift of Dr Olmstedt, University of Rochester, New York , USA
(Olson et al., 1995).
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