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Abstract

NOD-like receptors (NLRs) are a family of intracellular pathogen recognition
receptors involved in the innate immune response. NOD1 and NOD2 are the best
characterised members of this family, and so are the focus afete@rch These
receptors have been linked to a wide range of chronic inflammatory diseases, including
inflammabry bowel disease. Aberrant NQINOD2 expression has been associated
with these states of chronic inflammation. However, the mechanism underlying
NOD1/NOD2 gene expression regulation has yet to be elucidated. Therefore, this
thesis aimed to investigate whether epigenetic modifications play a significant role in
regulating NOD1/NOD2 activity and expression. Epigenetic modifications are
heritable pattens that surround the DNA and histones, altering expression of the
underlying genes. DNA methylation and histone acetylation are the best characterised
of these modifications and so their effects on NOD1/NOD2 were investigated in this
thesis. The cell linenodels used to carry out this experimentation included; HCT116
intestinal epithelial cells and THP monocytic ceB. Pharmacological attempts were
made to induce a hypomethylatbgiperacetylated or differentiated status, after which
NOD1/NOD2 preinflammatory responses were quantified. Cells primed with a
demethylating agents-Aza, 5Aza-dC or DNMT3L"), or containing a DNMT3b
genetic knockout (DNMT3b) were found to be consistently more responsive to
NOD1/NOD2 stimulation and had increased expressideatment with a histone
deacetylase inhibitor (SAHA) or monocytiemacrophage differentiation (using
PMA) exhibited less conclusive effects on NOD1/NOD?2 activity and expression. In
conclusion, the novel experimentation carried out in this thesis sisgipe the first

time that NOD1/NOD?2 receptor activity and expression are possibly regulated directly
by DNA methylation. Future experimentation, involving DNA methylation pattern
analysis, could be carriemitto confirm this finding.
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Chapter 1

Chapter 1 Introduction

1.1The Innate Immune System

The immune response is a hdstfence mechanism which rests on two functional
pillars; the innate and adaptive immune respond@s.innate immune response is the
body's first line of defence, triggeringnan-specific, rapid responssainst challenges
posed by pathogen invasion and endogenous stiaw&ai and Akira, 2009 In
addition to providing instant relief from these challenges, the innate immune response
also prepares the body for future invasion through indirect activafiazhe more
specific, longterm adaptive immune respon@eersse et al., 2031 In this way,
inflammation is considered a beneficial response to injury or invasion leading to
restoration of cellular homeostasis and prevention of future infe¢lammsserand
Henson, 201

Pathogen recognition receptor (PRR) activation initiates the innate immune response.
PRRs stimulated by conserved motifs of invading pathogens and endogenous signals,
referred to as pathogen associated molecular patterns (PAM&sai and Akira,

20093 and danger associated molecular patterns (DAM®ppenheim and Yang,
2005, respectively. PAMPs are associated with most pathogenic bacteria and some
viruses, including peptidoglycans (PGNs), liposaccharides (LPS), dsuateled

RNA (dsRNA) and flagellinfAthman and Philpott, 2004DAMPs include I:1 b ,
heatshock proteins, uric acid, S100 proteins, ATP, saturated fatty acids and amyloid
b (Bianchi, 2007. Once activated, PRRs initiate a cascade of events, leading to the
activation of inflammatory mediators including; cytokines, chemokines and
vasodilating agentgFullerton and Gilroy, 2016 These mediators support host
defence by assisting the prerequisite step of the innate immune response; neutrophil
transmigration from the bloods@m into surrounding tissugBaggiolini, 1998

Filippi, 2016. Neutrophil transmigration requires neutrophil recruitment to the blood
endothelial cell surface, alongside increased vascular permeability. Neutrophil
recruitment is a weltlefined process, wolving neutrophil rolling, adhesion and
crawling along the endothelial barrier. This process is supported by the inflammatory
mediators produced following PRR activation. Chemokines enhance the affinity of

integrins, neutrophil surface proteins, for neptiil adhesion molecules on the



Chapter 1

endothelium (Berczi and Szentivanyi, 200Filippi, 2016. Cytokines increase
vascular permeability and stimulate expression of selectins, which are ligands for
neutrophil adhesion molecule@erczi and Szentivanyi, 200Filippi, 2016.
Recruited neutrophils pass through the leaky endothelium, a process referred to as
diapedesis, via the endothelial cell body (transcellular transmigration) or between
endothelial cell junctions (paracellular transmigratigBaggiolini, 1998 Filippi,

2016. Once in the tissues, immune cells initiate events which manifest
physiologically as the as the fAfive pillars
(redness), odema (swelling), pain and lotfunction (Figure 1.1) These defined
hallmarks of inflammation are required to assist pathogen destruction, removal of
damaged cells and promote additional inflammation and ré&fmissen and Henson,
2012 Basil and Levy, 2016

Content/Removed Due to . Copyright

Figure 1.1: Hallmarks of Inflammation. The innate immune response manifests
physiologically asthéi f i ve pil |l ars of infl ammati ono, includ

odema (swelling), pain and lesé-function. (Figure taken fror{Basil and Levy, 2016
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The paradox of inflammation is that a sufficient response is required to eliminate
infection and prevent tissue damage, however an excessive response can result in
unwarranted inflammation that can lead to tissue damageliaadse development

(Janssen anHlenson, 201R Therefore, resolution of the inflammatory response is
equally as i mportant to restore homeost a:t
of microbes/cellular debris, restoration of vascular integrity, regeneration of tissue,

remissionof fever and relief of pai{Basil and Levy, 2016(Figure 1.2).

Content/Removed Due to .Copyright

Figure 1.2: Hallmarks of Resolution.Resolution of the innate immune response requires the
Afive pillars of resolutiond to occur includ
of vascular integrity, regeneration of tissue, remission of fever and relief of(fpgire

adapted fom (Basil and Levy, 2016

If inflammation is not resolved, the body will not return to its desired state of
homeostasis but will instead enter a state of chronic inflammation and eventually
disease (Figure 1.3). In summary, a tightly regulated inflammpatesponse is
essential to maintain a homeostatic state and prevent disease devel@lanssen

and Henson, 20)2
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Figure 1.3: Importance of resolving the inflammatory response-omeostasis is disrupted

by insults including pathogenic infection and tissue damage. These insults are abolished by an
acute inflammatory response. Once the cellular threat has been cleared, resolution of the
inflammatory response is essential to rettira body to a state of homeostasis. A lack of

resolution results in chronic inflammation and ultimately a diseased state.

1.2 Pathogen Recognition ReceptorsNOD-Like Receptors

Pattern recognition receptors (PRRS) are essential players in the intiatennnate
immune response, as highlighted abdveveral PRR families have been identified
including; Toltlike receptors (TLRs)Kawasaki and Kawai, 2014nucleotide
binding oligomerisation (NODIjke receptors (NLRsjFranchi et al., 2009ajetindc
acidinducible gend (RIG-I)-like receptors (RLRs}Loo and Gale, 2011)C-type

4
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lectin receptors (CLRg)Hoving et al., 2014pand absent in melanoma (AlMEke
receptors (ALRs)Thompson et al., 2011Yhese different PRR families are either
membrandound (TLRs and CLRs) or suspended in the cytoplasm (NLRs, RLRs, and
ALRs) (Hansen et al., 2011PRRs have the capacityrecognise tissue injurgndbr
different types of pathogens including, bacteria, viruses and fungi, thereby offering
protection froma wide range of cellular insul(slansen et al., 2011)

Although these PRRamilies differ in many ways they do share some basic
characteristics. All PRRs senses and bind PAMPs/DAMPs via a protein domain and
initiate an inflammatory signal via their effector domains. Some RBR&ssignalling
pathways to relay their responses Bl@D1,NOD2and TLR3recetorsall transduce

their proeinflammatory signal via the same pathwalost of signalling cascades
activated by PRReesult in the activation of kinases (e.g. MAPK) and transcription
factors (e.g. NF6 B, -1ArHRF3), leading to promotion of inflammayomediator

(e.0. TNF, I:6, IL-1 b  a #8)dexpression. This crossover between PRRs creates a
network of immune response regulation that can assist in delivering an appropriate
immune response to pathogenic invasion or tissue dafhagsen et al., 2011)

TLRs were thdirst PRRs to be describétedzhitov et al., 1997)They are a family

of 10 PRRs located either on the plasma membrane or in the endosome/lysosome
compartment. TLRs expressed on the cell surface can recognise bacterial and fungal
PAMPs, whereas TLRs in the endosome/lysosome compartment recognise bacterial
and viral PAMP<AKkira et al., 200% Upon recognition of their respective PAMPs or
DAMPs, TLRs recruit MyD88 and TRIF adaptor proteins to their effector domain,
thereby initiating a signalling cascade that activates kinases (MAPK) and transcription
factas (NFa B and | RFs) , which in turn promot
cytokines, chemokines and type | interfer@kawasaki and Kawai, 2014)

RLRs are a family of three receptors that act as cytoplasmic sensors of viral RNA.
Upon binding viral RNA tkese receptors signal to upregulate expression of IRF3 or
IRF7 transcription factors that lead to increased expression of type | intgifensse

et al., 2011, Loo and Gale, 201Otype-lectins (CLRs) are a large family of trans
membrane PRRs, dividedto 17 groups, which play an essential role in sensing fungi
(Hoving et al., 2014)As the name suggests, these receptors are characterised by a C
type lectin domain that has the capacity to bind to the main carbohydrate structures

making up the cell wallsf fungi. (Hardison and Brown, 2012CLRs transmit the
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signal via adapter proteins e.g. spleen tyrosine kinase (Syk), that promote upregulation
of NF-kB and MAPK signalling, which in turn trigger inflammatory mediator
production(Hoving et al., 2014) Absent in melanoma (AIM2)ke receptors are
cytosolic sensors of double stranded DNA that, upon activation, binds apeptosis
associated spedke protein containing caspase recruitment domain (ASC) and
accommodates ASC oligomerisation and activati@mompson et al., 2011)
Casapasé is subsequently recruited to, and activated by, the ASC oligomers. In this
way, AIM2 guides maturation of HL and 1-:18 through activation of casapake
Following maturation theseytokinescanreleased from the cells, tledy promoting

a preinflammatory respons@hompson et al., 2011)

Nucleotidebinding oligomerization domain (NOBike receptors (NLRs)are a
family of 22 intracellular PRRs that are known to recognise invading bacteria. The
NLR family of PRRs is the foauof this researciThese receptonslay a crucial role

in the innate immune response through recognitionAdfliPs and DAMPsleading

to activation of adaptors and effectors required to induce an inflammatory response
(Franchi et al., 2009&anneganti etl., 2007. All NLRs have a similar tripartite
structure consisting of aZgrminal leucin&ich repeat (LRR) domain, a central
nucleotidebinding domain (NACHT domain), and a variablgé¥minal domain. The

LRR domain is responsible for PAMP/DAMP recadgm and binding, thereby
initiating the receptor activation process. The NACHT domain facilitates receptor
oligomerisation in response to ligand sensing. The variabtermiinal domain
possesses effector functions by recruiting and interacting with sigaredduction
proteins required to trigger cellular responses to pathogen invasion or tissue damage
(Kim et al., 2018. The NLR family are most commonly classified according to their
NZerminal domain, falling into one of four subfamilies; NLRA, NLRB, NLRind

NLRP (Figure 1.4). These subfamilies contain either an acidic transactivation domain,
baculovirus inhibitor repeat (BIR), caspase recruitment domain (CARD) or pyrin
domain (PYD), respectivelf{fing et al., 2008Zhong et al., 2013 The LRR domain

holds the NLRs in a state of adtthibition by binding to the Nerminal, thereby
preventing signalling transduction. Once the LRR domain encounters a receptor ligand
a conformational change occurs, causing the LRR domain to releasetéhmingl

from its autainhibition. The exposed ferminal can subsequently bind and activate

different downstream signalling adaptors and effectors, depending on which NLR it
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is. NLRP1, NLRP3, NLRP6, NLRP7, NLRP12, NLRC4, and NAIP, are known to
form inflammasome complexashich activate caspask and subsequently mature
inflammatory cytokines. NOD1, NOD2, NLRP10, NLRX1, NLRC5 and CITTA have
been found to activate mitogexctivated protein kinases (MAPKS), nuclear fagtBr

(NF- [B) and interferon regulatory factors (IRF&hong et al., 2013 NOD1
(CARD4) and NOD2 (CARD15) receptors, which are both NLRC proteins, were the
first of the NLRs to be identified and so are the most extensively studied members of
the family (Inohara et al., 200X 0gura et al., 200)b Therefore, kDD1 and NOD2

will be the main focus of this research.
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Figure 1.4: NLR classification. The 22 NODIike receptor (NLR) family members can be classified into four main subfamilies based on-teamihal
domain. These subfamilies include; NLRA, NLRB, NLRC and NLRP whessridinal domain consists of and acidic transactivation domain (Aylovirus

inhibitor repeat (BIR), caspasecruitment and activation domain (CARD) and pyrin domain (PYD), respec{iebng et al., 201)3
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1.3Recognition of Bacteria by NOD1 and NOD2 Receptors

NODL1 receptors are expressed ubiquitously, whereas NOD2 receptors are found
mostly in macrophages, monocytes, Paneth intestinal cells and dendrit{tnoditaa

et al., 200%. It was originally thought that both NOD1 and NOD2 receptors were
sensors of popolysaccharide (LPS), which is the main component of Gragative
bacteria outer membrané€hen et al., 2009 However, these studies were later
refuted due to the realisation that samples used were subject to contamination.
Subsequent studies revealgistht NOD1 and NOD2 could recognise different
components of the peptidoglycan (PGN). PGN makes up a major part of the bacterial
cell wall. PGN consists of alternating-a&tetylmuramic acid (NAM) and N
acetylglucosamine (NAG) residues, which are ciivdsed via short peptides creating

a rigid polymer around the bacterial céhen et al., 20Q%Kersse et al., 2031
Bacteria can be classified into two major groups based on their cell wall peptidoglycan
content; Grarmegative cells have a thin peptidoglyaall wall, whereas the wall of
Grampositive cells is much thicker due to the presence of many peptidoglycan layers
(Silhavy et al., 2010 NOD1 and NOD2 can detect similar yet distinct muropeptides
from the PGN (Figure 1.5). The minimal muropeptide dettdy NODL1 is the
dipeptide; abHlutamynesodiaminopimelic acid (HDAP). However, NOD1
receptor activation is approximately thifedd stronger when presented with a
tripeptide from the peptidoglycan;-Ala-obflutamydnesodiaminopimelic acid
(TRI-DAP) (Girardin et al., 2003c This tripeptide consists of th&bZAlutamyl
mesodiaminopimelic acid with an additionalAlanine attached. This would suggest
that TRIDAP is required for to provide optimal NOD1 peptidoglycariedgon
(Girardin et al., 2003aBoth iEDAP and TRIDAP are found in some Grafyositive
bacteria, such dgsteria monocytogeng®©pitz et al., 200% and all Grardhegative
bacteria includingEscherichia coliKim et al., 2004, Shigella flexner{Girardin et

al., 200}, andHelicobacter pylor(Watanabe et al., 201.IThe NOD2 receptors sense
N-acetylmuramylL-Ala-D-isoglutamine, otherwise referred to as muramyl dipeptide
(MDP), a conserved motif in the peptidoglycan of all Gfswsitive, e.g.
Streptococcus pneumonigdgheng et al., 2008 and Grardhegative bacteria e.g.

Shigella flexner{Girardin et al., 200l Recognising all Grarpositive and negative
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bacteria, makes NOD@ more general sensor of bacterial invagi@irardin et al.,

2003k Inohara et al., 2003

Early studies have suggested that cells respond to monomeric PGN components, as
outlined above. However, more recent studies have begun to contest such findings, by
proposing that cells initially respond to polymeric PGN instead of these monomeric
moieties Data generated usinBacillus anthracisfound that HEK293 cells were
significantly more receptive to polymeric PGN than their monomeric constituents
(lyer and Coggeshall, 201.1Polymeric PGN was also found to be a potent stimulator

of immune cells, usim dendritic cell activation/maturation and cytokine secretion as

a marker of immune stimulatio(Schaffler et al., 2004 This data supported a
potential mechanism for PGN recognition, whereby polymeric PGN is recognised and
internalised into host cells drsubsequently trafficked to the lysosome where the
polymer is degraded into monomeric motifs which are released into the cytoplasm

where they can stimulate intracellular NLRs.

ContentiRemoved Due to Copyright

Figure 1.5: Bacterial PeptidoglycanThe peptidoglycafPGN) is made up of alternatimg
acetylmuramic acid (NAM) and Jddcetylglucosamine (NAG) residues crdéised via short
peptides. NOD1 receptors detegdb Hlutamyldnesodiaminopimelic acid (HBAP), and to a
threefold greater extent, {Ala-odbglutamylmesodiaminopimelic acid (TRDAP). NOD2
receptors detect ddcetylmuramylL -Ala-D-isoglutamine, otherwise referred to as muramyl

dipeptide (MDP). Figure prepared based on information {i@irardin et al., 2003a

10



Chapter 1

1.4 Mechanisms for Peptidoglycan Entry

SinceNLRs are intracellular PRRs, they require bacteria to enter the cell before they
can recognise and respond to their preseBSeweral routes of entry have been
proposed for internalisation of bactefranchi et al., 2009iCaruso et al., 20)4as

depiced in Figure 1.6.

Some studies suggest that the main route of uptake into immune cells e.g. macrophages
IS via phagocytosis, internalising the bacteria into compartments referred to as
phagosomes. The pathogens can possibly move out of these internalised compartments
into the surrounding cytosol, through secretion systems including type Ill and IV
systems, where it can encounter the NLRs for activéGtien et al., 20091t has also

been proposed that bacteria can enter cells which are incapable of phagocytosis, such
as ewothelial cells. The suggested mechanism of entry into these cells is through pores
formed in the endothelial cell membrane by toxins secreted from bacteria, such as
Listeria, thereby providing a direct sedfistaining route of entry into the cellular
interior (Chen et al., 2009

NOD-like receptors are generally thought to only detect invading cytosolic pathogens,
however studies have now broadened the potential contridhtabMNLRs play in the

innate immune response, by showing that peptidoglycan components can potentially
traverse the cell membrane and be released into the cytosol without requiring infection.
This has been shown to occur via several routes including; ma@brane vesicles
(OMVs), clathrindependent endocytosis, bacterial secretion systems, gap junctions
and oligopeptide transportes outlined in Figure 1 @ielig et al., 2011

Outer membrane vesicles (OMVs) are spherical vesicles released from anembr
protrusions of Grasmegative bacteria e.¢d. pylori. These vesicles are thought to
encapsulate pathoge@ssociated molecular patterns (PAMPSs) before being released
into the extracellular space. Upon encountering a host cell these OMVs will fuse with
the cell membrane, releasing the PAMPs i nt
intracellular NLR9Bielig et al., 201} Studies have showh. pylori use this method

in activating NLRs in the gastric mucosa, with the vesicles thought to transfer an
internalise vacuolating cytotoxin A into the intestinal epithelial @éibcca et al.,

1999 Kaparakis et al., 2030

Plasma membrane transporters are embedded in the cellular membrane and assist in

the transfer of different peptides across the lipidyler. In a study carried out on a

11
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colonic epithelial cell line, overexpression of the hPepT1 transporter resulted in
enhanced uptake of MDP, a discovery which was complimented by the reduced MDP
uptake following siRNA silencing of hPepT1 expression (k& et al., 2004). This

role appears to be specific for MDP shuttling, since this transporter did not appear to
support transport of the NOD1 ligand:-BAP (Ismair et al., 2006). Expression of the
hPepTL1 transporter is detected in the colons of IBD miEtiesuggesting a potential

role for hPepTL1 in chronic inflammatory disease. Increased expression of the hPepT1
transporter could assist extra transport of MDP across the epithelial barrier, thereby
contributing to an exacerbated inflammatory responser{tavet al., 2004, Ingersoll

et al., 2012).

Bacterial type IV secretion systerwhereby the bacteria inserts a nedike
protrusion into the host cell through which peptidoglycans can enter into the host
cytosol, has also been implicated in NOD1/NOR2nd internalisation. The role of

this secretion system is highlighted wihpylori, Ap pr oxi mat el y hal f of
population is thought to have this bacterium in their stomach, however the only people
who suffer the associated gastric problemglawsee with an activeagpathogenicity

island. It is this active gene that encodes the type IV secretion system allowing the
bacterium to enter the epithelial cells, activate NOD1 receptors and promote
inflammation(Viala et al., 200%

Clathrindependenéndocytosis, involving the encapsulation of NOD1/NOD?2 ligands
into endosomes has been suggested as another internalisation medbptakmwas

found to be dependent on dynamin and extracellular pH, requirements which are
indicative of clathrindependenéndocytosigLee et al., 2000 Encapsulated ligands

are believed to be released from endosomes into the cytosol via transporters in the
endosomal membran&he endosomal SLC15A4 histidine transporter has been
implicated in this procesgSasawatari et al.2011). An increase in SLC15A4
expression has been documented in biopsy samples taken from the terminal ileum and
colon of inflammatory bowel disease (IBD) patierftee et al., 2000 This finding
suggests that surplus endosomal transport of NOD1/NO@éhdis could be a

potential contributor to the excessive inflammation characteristic of IBD.

12
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Figure 1.6: Mechanisms for Peptidoglycan Entry into Cellular Interior. Several entry mechanisms, required to deliver PGNs to the cells interior for
recognition by NOD1/2 receptors, have been proposed. These include; 1) phagocybosis,rBgmbrane vesicles (OMVs), 3) plasma membrane transporters

and bacterial type Ill anty/ secretion systems, 4) clathritependent endocytosis and 5) gap juncti@msuso et al., 20)4
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1.5NOD1 and NOD2 PreInflammatory MAPKand NF-a B Si gnal | i ng.

Despite differences identified ligand recognition, NOD1 and NOD2 receptors have
been found to transduce bacterial signals via similar pathvwagsaré 1.7. In the
absence of pathogenic stimulation, NOD1/2 receptors are suspended in the cytoplasm
and kept in an inactive monomeric state autadnhibitory molecular interactions,
whereby the LRR domain of the receptor binds back on its NACHT domain, hindering
oligomerizationOgura et al., 200)binactive NOD1/2 proteins are further stabilized

by chaperone proteins. By forming complexéth chaperones such as h&habck
proteins, e.g. Hsp70 or Hsp90, NOD1/2 are able to correctly assemble, avoiding
premature degradatiofHahn, 2005 Lee et al.,, 2012 Mohanan and Grimes,
2014). These complexes are thought to contribute to bacterial takrpreventing an
excessive inflammatory response in regions such as the intestine, where trillions of
bacteria residdlLee et al., 2012 NOD1/2 receptors recognise and bind specific
components of the invading peptidoglycanDBEP/TRI-DAP or MDP) via thé LRR
domains(Boyle et al., 2018 The monomeric receptors subsequently translocate to
the plasma membrane and undergo a conformational change, allowing the NOD1/2
receptors to homwoligomerise via their central NACHT domairfBranchi et al.,
2009a Hsu et al., 2008 These NACHT domains possess ATPase activity, which
accommodates oligomerisation and activation of the receptors. Mutational analysis of
NOD2 has revealed the necessity for this ATPase activity, with kisjyeesutations
linked to severeaaub-inflammatory diseases, including eadgset sarcoidosis and
Blau syndroméZurek et al., 2012a

Following oligomerisation and activation of NOD1 or NOD2, the activated receptors
recruit and bind the serid@reonine kinase; recep#nteracting protein2 (RIP2)
kinase(Park et al., 200He and Wang, 2018In the absence of NOD1/2 stimulation,

it has been suggested that RIP2 activity is stifled by association with the mitogen
activated protein kinase kinase kinase 4 (MEKK4). Activation of the NODté&pter
results in the dissociation of RIP2 from MEKK4, with subsequent binding of RIP2 to
the NOD1 or NOD2 oligomeréClark et al., 2008 RIP2 binds to NOD1/2 via a
CARD-CARD interactions(Manon et al., 2007 Studies have been carried out to
identify key residues in the CARD domains responsible for the NORIE2

complex formation, as well as those required to support RIP2 activation and thus pro
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inflammatory signallingMayle et al., 2014Tigno-Aranjuez et al., 2000 One such
study demonstrated thatutation of Tyr474 and Lys443 residues in RIP2 disrupted
the interaction between this adapter protein and the NOD1 red@fagte et al.,
2014, indicating an extra level of complexity to the protphotein interaction
compared to the simple engagement once proposed. Once bound to the active NOD1/2
receptor, RIP2 is autphosphorylated at the Tw74 residu€Tigno-Aranjuez et al.,
2010, therely rendering the adapter protein active. Active RIP2 subsequently
transduces the bacterial signal by instigating a series of ubiquitination evigniise(

1.7). RIP2 oligomers conjugate with K@itiked polyubiquitin chains at K209 residues
positioned in thie kinase domair{Hasegawa et al., 20p8&RIP2 subsequently binds
three E3 ubiquitin ligases; -Bhromosomdinked inhibitor of apoptosis (XIAP),
cellular inhibitors of apoptosis proteins (clAP1/clAP2) and linear ubiquitin chain
assembly complex (LUBAC). hiese E3 ubiquitin ligases further polyubiquitinate
RIP2 at K63, thereby assisting the binding and activation of the TAK1 complex which
consists of; transforming growth factafctivated kinase 1 (TAKT) TAK1 binding
protein 2 (TAB 2)i TAK1 binding protéen 3 (TAB 3) (Hasegawa et al., 20p8he
TAK1 kinase becomes highly active when associated with its complex components.
Active TAK1 subsequently recruits the IKK complex for activation. This complex
consists of two kinases; inhibitor eB kinaseU(IKKU), and inhibitor ofB
kinaseb (IKK b) (DiDonato et al., 1997alongside a regulatory subunit; inhibitor

of eB kinaseo (IKK2), otherwise known as nuclear facaB (NFAB) essential
modifier (NEMO)(Yamaoka et al., 1998Phosphorylation of IKI& renders itactive

so that it can phosphorylate the ZB inhibitor; inhibitor ofsBU(IaBU). Due to its
newly acquired phosphorylated stat@BWcan be polyubiquitinated at K48 causing

it to dissociate from the NBB transcription factor heterodimer (g565). The
released inhibitor then travels to the proteasome for proteolytic degradation
(Hasegawa et al., 20P8he liberated p50065 heterodimer, otherwise referred to
simply as NE&B, translocates to the nucleuheave it promotes expression of gro
inflammatory mediators; such as cytokines, -amtrobial peptides and reactive
oxygen/nitrogen specieChen et al., 20Q9 Shaw et al.,, 2008 (Figure
1.7).Phosphorylated TAK1 kinase also phosphorylates the mifagtvating protein
kinases (MAPKS); p38, extracellular siggefjulated kinase (ERK), andfun NZ

terminal kinase (JNK), which are upstream promoters of the activator lofainl)
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transcription factor. Activated activator protg@insubsequently translocates the
nucleus in the same manner as®B; where it promotes the expression of fro
inflammatory mediator@Chen et al., 20Q%/andenabeele and Bertrand, 2D(Rgure
1.7). Activation of other NLRs, such as NLRP3 BAMPs, initiates inflammasome
assembly Active NLRP3 oligomers recruit apoptagissociated spedike protein
containing CARD (ASC) and pmaspasé, with subsequent maturation of gro
caspaséd to caspasg. Caspas@& has the capacity to cleave inactive 4ro
inflammatory cytokines to theactive counterparts, such as zimterleukinZ ¢prodL Z

6) to ILZ @Martinon and Tschopp, 2005)herefore, although NLRs may react
differently upon stimulation they have Lperative effects essential for an innate

immune response.
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Figure 1.7: NLR pro-inflammatory signalling pathway. The biochemical pathwayhown in this figure pertain to NOD1 and NOD2 receptors that
have been activated by-IBAP/TRI-DAP or MDP, respectivelyFeerick and McKernar2017)
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1.6 Inflammatory Cytokines

NF-[B and MAPK induced prinflammatory mediators include; cytokines, anti
microbial peptides and reactive oxygen/nitrogen species. These mediators prompt an
innate immune response by orchestrating neutrophil adhesion, vascular permeability,
neutrophil transngration, and microbial destructi@Rilippi, 2016. Cytokines can be
classified as either pror antrinflammatory, based on whether they work to promote
the inflammatory response or resolutiofBaggiolini, 1998 Filippi, 2016.
Inflammatory cytokines calme further categorised into interleukins (ILs), chemokines
(CXCs), tumour necrosis factors (TNFs), interferons (IFNs), transforming growth
factors (TGFs) and colony stimulating factors (CSFs); as summaristable 1.1

(Chen et al., 2017 Cytokines acto promote an appropriate immune response to
bacterial insult or tissue damage, through a complex network of interactions involving
the proeinflammatory (e.g. IL6, IL-8 and TNFU)  a nidflamanatory (e.g. Ik4

and 1.-10) memberqTurner et al., 2014Chen et al., 2017 Tight regulation of
cytokine production is essential to maintaihomeostatic state. Loss of regulation can
result in chronic inflammation, tissue damage and even ¢€agn et al., 200)7In

this thesis, cytokine expression amdkase will be quantified to provide insight into
NOD1 and NOD2 pronflammatory activity under varying conditions. Tumour
necrosis f-B¥t ori n-B¢laranéknterieukirB (CXCLS/IL-8)

expression and/or release were chosen to be inviestiga
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Table 1.1: Summary of Cytokines.Inflammatory cytokines involved in regulating the
immune response. Main sources of production and inflammatory function listed for each
cytokine(Chen et al., 2017)
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1.7NLRs and TLRs Interplay

Activation of NLRs has been shown to be independent of TLR activation, with each
family having different receptor ligands. However, it is becoming more apparent that
there is crossalk occurring between these two PRR families that is essential f
providing our cells with a finely tuned defence mechanism against invading pathogens
(Becker and O'Neill, 2097 Little is known about the exact interplay between these
receptors. However, several structural and signalling characteristics sharedeby thes
PRRs are beginning to be identified.

These receptors are somewhat structurally similar, both having a leucine rich repeat
(LRR) as their pathogen sensing domg@adecker and O'Neill, 2007 The NOD2
agonist, muramyl dipeptide (MDP), has been shown toease inflammatory
responses to the TLR agonist, lipopolysaccharide (LPS), in myeloid(€aeksda et

al., 2003. MDP has been found to increase LPS sensitivity three(Tollib et al.,
2009). These findings are supported by the fact that both PGN a8dat® found
naturally in tissues during bacterial infection and septic shock, implying that they may
complement each other in inducing inflammatory respoiigesz and Girardin,
2005. TLRs and NLRs share some components of their signalling pathways. TAK1
protein has been found to be a common protein between NLR and TLR signalling
pathways and so could potentially play a significant role in the -tatlsdetween
these two receptor familig€hen et al., 2004 The merging of signalling pathways

and synerigtic cytokine activation allows cells to become more sensitive to stimuli,
thereby reducing the amount of bacterial exposure required to induce an inflammatory
responsdFritz et al., 2005Franchi et al., 2008 The immature prinflammatory
cytokines, such as pib-1 b a nld-18pproduced by TLRs require cleavage by
NLR inflammasome activated caspdseThis provides another point of intersection
between receptors, whereby NLRs enhance TLRftammatoryresponsé€Franchi

et al., 2008

Synergy may not be the only interaction occurring between the two pathways. A study
carried out in 2004 uncovered that NOD2 stimulation reduced TLR2 activity in
splenocytegWatanabe et al., 20DHowever, this negativelationship could not be
identified in all cell types. Subsequent studies, by another research team investigated
this relationship in macrophages and dendritic cells taken from NQfi2e. The

absence of NOD2 did not appear to have any significant effeciLR2 activity
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(Kobayashi et al., 2005The conclusion that can be taken from these opposing studies
is that the synergistic crosalk between NLRs and TLRs may be cell type dependent.

1.8NOD1 and NOD2 Role in Disease

The discovery of several genetis&bHf4Aunction and gaibfZunction polymorphisms
fuelled extensive research to establish whether defective NOD1 and NOD2 function
or regulation has a role to play in chronic inflammation. Expression studies revealed
aberrant NOD1 and NOD2 expression tatss of chronic inflammation, implicating

the receptors in a range of inflammatory diseases (summarized in Table 1.2). Recent
evidence links NOD1 and NOD2 with inflammatory bowel disease (IBD),-auto
inflammatory disease, rheumatoid arthritis, allergy eadliovascular and metabolic
diseases. A substantial portion of the research currently in the literature revolves
around the link between NOD1/2 and IBD.

Inflammatory bowel disease is the collective term for a group of autoimmune disorders
causing chronictransmural inflammation within varying segments of the digestive
tract. The aetiology of IBD has yet to be fully elucidated; however, it is postulated that
it is caused by excessive activation of the innate immune response in the mucosal cell
lining (Maloy and Powrie, 2001 Crohn's disease (CD) and ulcerative colitis (UC) are
the primary subtypes of IBD, whose pathologies share similarities but differ in
location within the gastrointestinal tract. Ulcerative colitis is characterized by chronic
inflammatian localized to the colon and rectyiMaloy and Powrie, 20)1Analysis

of colon mucosal biopsies from patients with UC revealed an eightfold increase in
NOD1 expression relative to control biopsies. Analysis of biopsies from the same
cohort of UC patientsluring remission revealed a reduction in NOD1 expression
relative to control biopsy levels. These findings suggest heightened NOD1 expression

as a contributing factor behind the UC chronic inflammatory §taema et al., 201)3

Crohn's Disease can marsfeacross any region of the gastrointestinal tract and can be
further classified according to the region affected and its clinical presentation
(Maglinte et al., 2008 In 2001, the first genetic links to CD were establisf@gura

et al., 2001a Hugot et al.,, 200). Extensive research has demonstrated three
polymorphisms within or neighbouring the LRR region of the NOD2 gene directly

associated with the disease. Of the three polymorphisms, one takes the form of a
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framehift mutation (L1007fs) whereas thther two are missense mutations (R702W
and G908R) (Ogura et al., 200laHugot et al., 2001 Russell et al.,
2009). Interestingly, individuals who are heterozygous for NOD2 variants have a
twofold to fourfold increased risk of developing CD, wherkamozygous variants
have an additional risk of Zfb 4old (Ogura et al., 2001&lugot et al., 200IHugot

et al., 2007. Regardless of this significant risk upsurge, most individuals possessing
two NOD?2 variants do not develop the chronic inflammatisprder. This finding is
supported by a knoda murine study whereby the L1007fs NOD2 variant was
introduced into both alleles of mice, thereby generating homozygous variants. When
maintained within a specifpathogedree environment the variants didotn
spontaneously develop intestinal inflammat{im et al., 201} suggesting that

other factors are involved in disease onset.

These polymorphisms have been regarded agla@mction, with NOD2 variants
having diminished responsiveness to MDP. Theawehbeen several proposed
mechanisms by which NOD2 |ags$4unction results in exacerbated inflammation.
NOD2 has been found to maintain the intestinal epithelial barrier by regulating
antimicrobial agent release and sustaining bacterial levels and popuigbes.
NOD2 variants may lose this protective function, providing insufficient bacterial
clearance and allowing excessive bacterial invasion, resulting in augmented
inflammation through NOD2Zndependent pinflammatory pathway@nohara et al.,

2003 Kim et al., 201). The NOD?2 receptor is highly expressed within Paneth cells,
which are specialized cells located at the base of the intestinal crypts of Lieberkihn.
These cells are most numerous in the terminal ileum of the small intestine, which is
interestingly the most commonly affected site in CD sufferers. These cells release
antimicrobial agents, such B&lefensin, collectively referred to as cryptd{@gura

et al., 2003Frank et al., 2011 Disruption of Paneth cell function (atélefensin
release), potentially as a result of NOD2 deficiency, could alter the load and
composition of the intestinal flora, an attribute of IEBrank et al., 2001 Early
studies investigating the effect of NOD2 polymorphisms on reledd&efensin from
Paneth cellsecorded reduced release in patients with ileal CD holding the NOD2
L1007fs polymorphismWehkamp et al., 2004NVehkamp et al., 20Q05However,

more recent data imply that the reduction recorded is in fact a secondary effect of the

NOD2 knocktlown, wherelp defective NOD2 results in excessive inflammation,
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which in turn blocks the release dtlefensin(Simms et al., 2008Therefore, it
appears that Paneth cell dysfunction may be a consequence of, as opposed to a
contributor to, NOD2 losé&fZunction.

Intestinal epithelial cells are exposed to trillions of bacteria on a daily basis; however,
a healthy intestine appears to be able to deal with this without causing excessive
inflammation(Ferreira et al., 20)4Several studies have recorded aberrantehiatt
content and load in the intestines of Crohn's patients relative to healthy comparators
(Seksik et al., 20Q30tt et al.,, 2004 Manichanh et al., 2006Jia et al.,

2012. Commensal bacteria play a crucial role in preventing pathogenic invasion and
colonization by restoring the epithelial barrier and assisting mucosal immune cells in
upholding a basal immune respor{&hman et al., 20JINOD2 and commensal
bacteria function in a feedback loop, whereby commensal bacteria promote NOD2
expression, whichin turn negatively feeds back and prevents dgransion of
commensal communitie@Biswas et al., 2002This highlights the important role
played by NOD2 in maintaining a peaceful balance between the microbiome and host
immune responses. An imbalancethis relationship can result in dysbiosis, whereby
pathogenic bacteria begin to outweigh symbiotic bacteria causing the intestinal
epithelial barrier to become overwhelmed, thereby allowing bacterial invasion and
associated inflammation to ens@Biswas etal., 2012 Ramanan et al., 2014
Dysbiosis has been recorded in patients with CD and has also been associated with
polymorphisms in NOD2 and the autophZglated 16 like 1 (ATG16L1) genes.
However, it remains unclear whether this bacterial imbalaneedsnsequence or
cause of these genetic mutatigisank et al., 201,1Hold et al., 2013 A defective
autophagic response, as a result of the ATG16L1 polymorphism identified in CD
patients, could result in an inability to clear the internalized bacterfigiently as

is needed to counteract the increased bacterial if8ldifkamp et al., 2014 This
combination of defective innate immune responses by NOD2 and ineffective bacterial
clearance by autophagy could together be responsible for CD developnunt

progression.

The direct association between these NLRs and IBD would suggest that NOD1 and
NOD2 may be playing a role in similar disease states. Therefore, NOD1/NOD2

expression patterns have been investigated in a wide range of chronic inflammatory
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diseases, as outlined below and summarized in TableBlau syndrome is a rare
dominant autoinflammatory disorder, characterized by granulomatous inflammatory
arthritis, uveitis and dermatit(®lau, 1989. Blau syndrome has been linked to three
missensenutations in the NACHT domain of the NOD2 gene; R334Q, R334W and
L469F (Tromp et al., 1996Miceli-Richard et al., 2001NOD2 has been recorded as
being less responsive to MDP in Blau syndrome mui@ugan et al., 20)5These

data propose that the ettts of the R314Q mutation may manifest during translation,
causing a truncated form of NOD2 to materialize that has reduced functionality
(Dugan et al., 20)5Rheumatoid arthritis is a common chronic inflammatory disease
affecting synovial tissue. Expigen of NOD1 and NOD?2 in this tissue has been found

to be augmented in patients with rheumatoid arthritis, implicating these receptors in
disease development and/or progresgiospelt et al., 20Q9Yokota et al., 2012
Franca et al., 20)5Allergic rhinitis is a highly prevalent disorder affecting the nasal
cavity following exposure to common allergens such as pollen, dust, mould spores or
animal dander. It is now believed that bacterial infection could also contribute to
allergic rhinitis development thugh NOD1 and NOD2 activation. Studies have
suggested that altered NOD1 and/or NOD2 expression may contribute to allergic
rhinitis but further studies are needed to clarify their role in this dis¢Bagrefors et

al., 2010 Hu et al., 2018 Cardiovascula disease in the form of atherosclerosis,
characterized by the accumulation and subsequent maturation of leukocytes into
cholesteradaden foam cells at vessel walfRoss, 199Pand Behcet's disease, a rare
disorder characterized by inflammation of the blood vessel \{tdisnzaoui et al.,
2012, have been associated with aberrant NOD1 and NOD2 expréblsiorzaoui et

al., 2012Nishio et al., 201Kanno et al., 2014.iu et al.,2013. Finally, diednduced
adipocyte inflammation, referred to as metabolic disease, can manifest as either
metabolic syndrome or gestational diabetes mellitus. Enhanced NOD1 expression has
been recorded in these datuced conditions, supporting aleofor NOD1 in
6met ai nf I(Zhavoetalt, 205XBrdndy et al., 200&Zhou et al., 2013 _appas,

2014. To conclude, current knowledge has identified a strong link between
NOD1/NOD2 and IBD development. Support for the role of NOD1 and/or NOD2 in
the other chronic inflammatory diseases, as listed in Taldeis still in a relatively

early stage of research and further analysis is needed to confirm their role in these

diseases.
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Table 1.2: Expression of NOD1 and NOD2 in chronic inflammatory disorderd.isted in this table are studies that have made direct links between chronic
% inflammatory disorders and increased NOD1/NOD2 expression and their findings. Disorders associated with NOD1/NOD2|arolwdédnf bowel disease,

autoimmune disease, allergiactions, cardiovascular disease and metabolic disébsesick and McKernan, 2017
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1.9NOD1 and NOD2 Regulation.

With many studies reporting changes in expression during disease states, it is
important to understand how these receptoey foe regulated. Regulation of the
NOD1/NOD2 signalling pathway is necessary to maintain cellular homeostasis,
thereby preventing an excessive or insufficient immune response (regulators of NOD1
and NOD2 receptors are outlined in Figure 1.7 and ThBIe There is growing
evidence that the tumour necrosis fagtbfTNFZ)) induced protein 3 (TNFAIP3)
ubiquitin ligase, otherwise referred to as A20, is a negative regulator of th& NOD
induced NEBB signalling pathway. One study revealed that in cells defiareAR0,

levels of polyubiquitinated RIP2 increased, which was accompanied by enhari¢ed NF
aB signalling(Hitotsumatsu et al., 2008n addition, cells ovekexpressing A20 doZe
dependently inhibited NOD2 activity. It seems that NOD2 and A20 are part of a
negative feedback loop as functional NOD2 has been found to be required for A20
activation (Billmann-Born et al., 201} It has been proposed that A20 diminishes
signalling through complimentary processes carried out by its different domains. The
N terminusof A20 removes K62inked polyubiquitin chains from the C terminus and
adds K4dinked polyubiquitin chains to RIP2, which together switch off thedBF
signalling(Hitotsumatsu et al., 200Billmann-Born et al., 201}l Interestingly, single
nucleotide polymorphisms within the A20 gene have been directly associated with
several chronic inflammatory diseases including rheumatoid arthritis, psoriasis and
systemic lupus erythemato@gusone et al., 2091The link betweerA20 and IBD

has stood out with various genetic studies independently identifying this regulator as
a susceptibility locus for CBarmada et al., 200Bradbury and Brown, 2007
Analysis of CD biopsy samples revealed either diminished or defective Agflrpro
relative to healthy control sampl@srsenescu et al., 20P8n addition, studies carried

out on A2@eficient mice uncovered hypersensitivity to dextran sulphate sd@dium
induced colitis and increased responsiveness todlFereecke et al., 2010, keet

al., 2000) Collectively, these data suggest that loss of A&8isted regulation of
NOD2 activity may result in an excessive response to commensal microbiota and

unwarranted inflammatory responses.

The ring finger protein 34 (RNF34) E3 ubiquitigase and the 20S proteasome
subunitU7 (PSMA?7), have both been proposed as novel negative regulators of NOD1
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signalling.In vitro studies have uncovered NOD1 activity to be indirectly proportional

to both RNF34(Zhang et al., 20)4and PSMA7(Yang etal., 2013 levels. The
proposed mechanism of negative regulation for RNF34 and PSMA7 is by way of the
ubiquitin/proteasome pathway, whereby NOD1 is EKdfquitinated, thereby
targeting it to the proteasome for degradation by proteolysis. This mechanism was
supported by inhibition studies, whereby the inhibitory effects of RNF34 and PSMA7
on NOD1 activity were significantly impeded by treatment with a proteasome
inhibitor (MG132) (Zhang et al., 20)4%r small interfering RNA knockdown of
PSMA7(Yang et al.2013, respectively. RNF34 and PSMA7 expression studies have
yet to be carried out to establish whether these proteins are directly linked to chronic

inflammatory disease.

Tripartite motif containing 27 (TRIM27) E3 ubiquitin ligase has been found to
physially interact with NOD2 with high affinity. This mediates Kdl8ked
ubiquitination of NOD2 leading to degradation of the receptor. In addition, MDP
stimulation strengthens the NODPRIM27 interaction and ubiquitination of NOD?2.
TRIM27 was linked directlto CD through analysis of colon sections taken from
patients with CD, which showed enhanced TRIM27 expression relative to healthy
patients(Zurek et al., 2012bThese data propose thatdegulated TRIM27 could

dampen basal NOD2 activity, leading to dibeed intestinal homeostasis.

ErbAB2 Receptor Tyrosine Kinase 2 interacting protein (Erbin) specifically interacts
with NOD2 protein and has been proposed as a negative regulator of NOD2 activity
vitro andin vivo. Erbin ovedexpression doglependentlyreduces MDHEnduced
NOD?2 signalling. Conversely, Erbin knockdown resulted in increased NOD2 receptor
responsiveness to MDf@McDonald et al., 2005Kufer et al., 2008 Therefore, it
appears that the molecular mechanism underlying Erbin regulation is hhroug
alteration of MDP sensitivity. The expression of this negative regulator has yet to be
elucidated in disease models; howewsrewould expect for this protein to be dod/n

regulated in patients suffering NOB&sociated chronic inflammation.

Carbamoyl phsphate synthetase/aspartate transcarbamylase/dihydroorotase (CAD),
an essential enzyme in tde novosynthesis of pyrimidine nucleotides, was
uncovered as another potential regulator of NOD2 by immunoprecipifizdigpied

mass spectrometry to identify relvNOD2 regulators. CAD was found to directly

28



Chapter 1

interact with NOD2 and ovaéxpression of the enzyme diminished N@askociated
NF&B and mitogedctivating protein kinase signalling as well as bacterial
management. These effects point to CAD as a poterdgdtive regulator of NOD2
activity, an indication that was supported by CAD knockdown whereby reduced CAD
expression or CAD inhibition augmented NOD2 signalling and antibacterial ability.
CAD levels were guantified in the intestinal epithelium of patievits CD, with
higher CAD levels being recorded in patients with CD compared with healthy controls
(Richmond et al., 20)2This finding suggests that CAD rdpgulation in the intestine
could result in reduced NOD2 levels, subsequently leading to losetestinal
homeostasis.

CARDS has been investigated for its NOD2 modulating effects. CARD8 and NOD2
were found to cdocalize and interact with each other through their FIIND and
NACHT domains, respectively. Functional analysis revealed that CARD8 masked
NOD2 bacterial management and MB®#mulated NESB prodnflammatory
signalling (von Kampen et al., 2010Analysis of colonic mucosal biopsies from
patients with CD revealed significantly higher CARDS8 expression relative to healthy
comparatoryvon Kampen etl., 2010. This link to CD is reinforced by studies
investigating the connection to a specific polymorphism in CARDS8 (rs2043211). A
recent metzanalysis identified that this CARD8 polymorphism significantly enhanced
CD susceptibility(Liu et al., 201%. This CARDS8 variant has also been linked to other
NLRZssociated diseases, including atherosclerosis, with elevated CARD8 mRNA

expression recorded in atherosclerotic pladBesamel et al., 20).3

Research carried out so far identified fewer positive sggrd of NOD1 and NOD2.
Recent evidence has shown that4mtammatory cytokines may regulate NOD1 and
NOD2 expression. Interfer@m(lIFNZ) was found to indirectly increase NOD1
MRNA and protein expression dose and time dependently, through augmeaotation
nuclear IFN regulatory factor 1. NOD1 expression promotion in response to cytokines
appears to be specific to IBNbecause other cytokines including TAVand 1LZ1b do

not have an impact on NOD1 levéldisamatsu et al., 2003However, TN had
prevously been found to intensify N®B signalling by promoting the liberation of
NF2ZB from the inhibitory effects ofsBUthrough phosphorylation and dissociation

of 1sBU (Beg et al., 1998 Building on this finding, an intestinal epithelial cell line
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treaed with TNFA)increased NOD2 mRNA level§Gutierrez et al., 2002
Subsequent studies using epithelial cell lines and primary intestinal epithelial cells
uncovered increases in NOD2 mRNA and protein levels in response to treatment with
TNFZJ(Rosenstiel eal., 2003. Unlike with NOD1, IFN® exposure did not appear to
upZegulate NOD2 expression alone; however, this cytokine did have a synergistic
response alongside THBvhereby IFNB augmented the TNEEnduced increase in
NOD?2 expressiofjRosenstiel eal., 2003.

Diet may also play a role in NOD regulation. Butyrate is a &twaitn fatty acid that

is generated as afpyoduct of anaerobic fermentation of dietary fibres in the intestine.
A role for butyrate in the maintenance of intestinal immunityois Bvident. A study
found PGNEnduced NEBB transactivation to be increased sevenfold in the presence
of butyrate. Additionally, butyrate appeared to significantly strengthen the interaction
between the activated p65 transcription factor and 4rftammataoy
cytokine/chemokine genes. Butyrate was found to increase NOD2 expression in a
dosetlependent manner, without altering the receptor'sdifelf Butyrate had
previously been found to have histone deacetylase inhibitory propgtaeslido et

al., 1978. Studies showed that it also promotes NOD2 transcription by supporting
acetylation of H3 and H4 at the NOD2 gene promdisrung et al., 2009
Interestingly, treating patients with IBD with butyrate was found to reduce intestinal
inflammation, possibly byestoring a healthy NOD2 response to commensal bacteria
(Scheppach et al., 1992

The research outlined above has uncovered several N@iegi&tive andpositive
regulators. An imbalance between regulators could indirectly disrupt inflammatory
homeostasi&nd result in an inappropriate response to bacterial insult, potentially
manifesting as a NOD1Z&ssociated disease. Hence, reduced expression of negative
regulators or enhanced expression of positive regulators could be indirectly
contributing to excessnilammation in chronic inflammatory diseases. The
interactions identified between each of these regulators and NOD1/2, alongside the
direct link between some of these regulators and CD, suggests regulator targeting as a

new therapeutic intervention poirdrfchronic inflammatory disorders.

30



T€

Content/Removed Due to Copyright




A

Content/Removed Due to.Copyright

Table 1.3: NOD1 andNOD2 Regulators.Listed in this table are negative and positive regulators of NOD1 and NOD2 receptor activity. Regulators are
classified according to regulator type, NLR regulated, target protein, mechanism of action and cell type studies haviedheahaa Negative regulators

include RNF34, PSMA7, A20/TNFAIP3, TRIM27, Erbin, CAD and CARDS. Positive regulators includey IFN -UN & n d  {Feetick and MoKernan,
2017
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1.10Epigenetics

The concept of epigenetics was first introdlide the early 1940s by Conrad
Waddington. The original description of epigenetics was a very general umbrella term
for all molecular processes altering expression of a genotype into a phenotype
(Jablonka and Lamb, 20P2As genetics advanced, so did thederstanding of
epigenetics, resulting in a more specifi
epigenetics is generally accepted as the study of modifications that result in heritable
changes in gene expression independent of alterations in DNAsegBeobst et al.,

2009. Epigenetics gets its name frdime 40,iwhich is Greek fofi o n t ipce o f 0,
epigenetic modifications surround DNA without altering the underlying genome
(Deans and Maggert, 2015

Epigenetic mechanisms can alter gene expressiomarying the availability of DNA
through physical obstructions, recruitment of regulatory proteins and chromatin
remodelling. Such epigenetic mechanisms include; DNA methylation, histone
modifications and more recently RNA interferer{fE®nsoula and Bale, 2012a) as
outlined in Figure 1.8. DNA methylation and histone modifications are the best
characterised epigenetic modifications, and so are the focus oth#ss DNA
methylation involves the addition of methyl groups (Me), with the assistanciAf D
methyltransferase, to cytoskgeianine (CG) rich regions of DNA. Histone
modifications involve the addition of acetyl, methyl or phosphate groups to histone
protein tails. Acetylation is the chosen histone modification to be investigated in this
researh (Lista et al., 2018

Global alterations in cellular methylation and histone modification patterns during
early development indicate their crucial role in cell growth and differentiation. The
regulatory capacity of these ngenetic processes highlightseir potential role in
human disease and provides a rationale for targeting the epigenome pharmacologically
as a novel therapy. It is now generally accepted that alterations to the epigenome can
significantly contribute to disease onset and progressiamugh altered epigenetic

protein function(Berdasco and Esteller, 2013
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Figure 1.8. General Overview of Epigenetic Modifications Epigenetic modifications
include; DNA methylation and histone modifications. DNA methylation involves the addition
of methyl groups to CpG rich regions of the DNA. Histone modifications include; acetylation,

methylation and phosphorylatighista et al. 2013.
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Epigenetic regulators can be classified according to their general mechanism of action
including; epigenetic writers, which are responsible for establishing the epigenetics
marks on the DNA or histone proteins; epigenetic erasers, whithveethe marks

put in place by the writers; epigenetic readers, which recognise epigenetic patterns
thereby accommodating an appropriate response, as outlined in Fig{ikalkedberg

and Johnstone, 201.4The reversible nature of epigenetic modificatioenders them

an appealing pharmacological target for the treatment of a vast array of diseases
whereby gene expression has been exacerbated or diminished. Pharmacological
intervention has the potential to promote/inhibit epigenetic writers or erassehyh
restoring aberrant expression to healthy levels. Some epigenome tadgetsigave
already been approved by the FDA for the treatment of specific cancéypssb
(QuintdsCardama et al., 201®ann et al., 200/
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Figure 19. Epigenetic Writing, Erasing and Reading Epigenetic patterns are established

on DNA/histones by epigenetic writers (acetylases, methylases and phosphorylases), removed
by epigenetic erasers (deacetylases, demethylases and phosphatases) and reatety epige
readers (protein domains including; bromodomains and chromodon(diasgkhovsky,

2010.
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1.11DNA Methylation

DNA methylation is an epigenetic modification that involves the addition of a methyl
group onto cytosine residues, thereby generatingnethylcytosine. DNA
methyltransferase (DNMT) enzymes catalyse the transfer of the methyl group from
the methyl donor, @denosyl methionine, onto theSposition of cytosine residues
that are part of cytosirguanine dinucleotide (CpG) sequengkegko and Brown,
2005b)
DNA methyltransferases (DNMTs) are a family of 5 enzymes; DNMT1, DNMT2,
DNMT3A, DNMT3B and DNMTS3L. Thre®f the five members (DNMT1, DNMT3A
and DNMT3B) have been identified as having methyltransferase catalytic activity.
DNMT3A and DNMT3B have been shown to be responsible for establishing the
original DNA methyl patterns during development; therefore they leen termed
de novomethyltransferases. Since methyl patterns are established during early
development, it is not surprising that studies have shown DNMT3A and DNMT3B to
be highly expressed in embryonic stem cells and silenced in differentiated cells
(Portela and Esteller, 20L1DNMT3L has not been shown to have any catalytic
activity; however it appears to play an essential role in maternal genomic imprinting
(Bourc'his et al., 2001 DNMT1 is highly expressed throughout thepl$ase of the
cell cycle ad acts to maintain methylation patterns throughout subsequent rounds of
semiconservative replication. This enzyme can recognise the -imathylated
strands and restablishes the full methyl stat(Rortela and Esteller, 20LIDNMT1
has also been found to hold sodeenovaactivity; however it has a 300 fold greater
preference for hermmethylated DNA binding. This high affinity of DNMT1 for newly
replicated DNA is assisted thr-bkegith i ts conj
PHD and RING fingerdomainrs 6 ( UHRF1) or the dAproliferatin
(PCNA) which are positioned at the replication fork, as outlined in FigurgRdt€ela
and Esteller, 2011Yu et al., 201}
It is beginning to become more appartdt it may not be as simple as classifying
these enzymes as eithée novoor maintenance methyltransferases, as ksoatk
studies are highlighting crossover functidiisteller, 200Y. DNMT1 is no longer
thought to be the sole enzyme maintaining metlagteons, instead DNMT3A and
DNMT3B are now believed to contribute to the maintenance(dtswes and Liang,
2009 Jones, 2012
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Figure 1.10. De novo and maintenance DNMT enzymesDNMT 3A/3B establish the
original de novomethylation patterns surrounding the DNA. DNMT1 recognises UHRF1 at
the replication fork binds to hemiethylated DNA and subsequently restores methylation

patterngYu et al., 2011
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1.12Sites of DNA Methylationi CpG Islands.

These CpG dinucleotides are foundatusti ng i n regions that become
|l sl andso when t he Cledstb@¥ohasequeancethagisatar nt s f or a
than 200 base pairs in lendtPortela and Esteller, 201t is generally accepted that

methylation at CpG islands in the risxriptional start sites (TSSs) silences the

downstream gene, as depicted in Figure 1.11. More recent studies are revealing that

the effects of DNA methylation on gene expression are not as clear cut. The position

of the CpG islands and associated methglgs on the gene appears to dictate the

effects on the associated gene. If occurring at TSSs or repeat regions, methylation is

linked to gene silencing, whereas methylation of islands in the gene bodies potentially

promotes transcriptional elongati¢@dores, 2012 Approximately 70% of promoter

regions have CpG islands, most of which have an unmethylated status, thereby

promoting transcription of the downstream géBaxonov et al., 2006
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Figure 1.11. DNA Methylation at CpG islands.Unmethylated CpG islands (white circles)

at promoter regions supports expression of the downstream gene. Methylated CpG islands
(grey circle) at promoter regions represses expression afotiastream gengPortela and
Esteller, 201
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1.13DNA methylation Silencing Mechanism.

Gene silencing induced by methylation at transcriptional start sites is thought to occur
through two proposed methods. Adding the methyl group onto the cytosine residue
generates-nethylcytosine, which protrudes into the major groove of the DNA helix,
thereby directly blocking the association of transcriptional machinery. A more indirect
method of impeding gene expression has also been studied (Figure 1.12), whereby the
5-methylcytosine attracts and binds methyl binding proteins (MDPSs), such as methyl
CpG binding protein 2 (MeCp2), via their methyl binding domain. These MDPs
subsequently recruit chromatin remodelling proteins including histone deacetylases
(HDACSs) and transcriptional repressors such asiBs@pendenBa (Sin3a), which
compact the chromatiiereby reinforcing transcription repressi@eaton and Bird,

2011, Choudhuri et al., 2030

Promoter located CpG islands that are normally unmethylated can become
hypermethylated, which is an underlying cause of cancer. Certain tumour suppressor
gene,such as p15 or pl6, expression becoming suppressed by hypermethylation of
promoter region CpG Islands, thereby leaving the genome unprotected against

uncontrolled proliferation leading to cancer developm@waton and Bird, 2031
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Figure 1.12. Mechanism of DNA methylation assisted gene silencindviethyl groups
physically impede binding of transcriptional machinery. Methyl binding proteins (MeCP2),
chromatin remodelling proteins (HDAC) and transcriptional repressors (Sin3a) bind to the

methyl groups and promote transcription of the downstream(@reaidhuri et al., 2030
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1.14Non-CpG Island DNA Methylation Sites

CpG islands are not the only substrate for
i sland shoreso, which are similar to CpG is
dinucleotides and typicigl lie approximately 2kb upstream or downstream of CpG

islands. With the help of CHARM (comprehensive higloughput arraypased

relative methylation) analysis, it has been recently shown that tissue specific CpG
methylation appears to occur at these shamstead of the originally proposed islands

(Irizarry et al., 200% In addition to CpG islands and shores, other regions of CpG
methylation that contribute to transcriptional regulation are CpG shelves and open

shores, which are locateedkb from the @G islands and sporadically throughout the
genomerespectively (Portelat al, 2010).

Further studies recently carried out have now uncovered methylation-@ptasites,

with methyl patterns being identified on CHG and CHH sites in DNA, with H

represeting adenine, thymine or cytosine. These unexpected methylation sites were
associated with pluripotent stem cells, with these patterns being present in embryonic

stem cells, deteriorating upon differentiation and beingstablished in induced

pluriopotent stem (iPS) cells. Therefore, it has been hypothesised thaCpGn

methylation plays a role in establishing and maintaining pluripotency. However, there

is still very little known about the mechanism of methylation at these(kitdsr et

al., 2009 Patela and Esteller, 20).1
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1.15DNA demethylation.

Although cytosine residues are DNA methylation sites, some CpG islands resist
hypermethylation. The biochemical mechanisms underlying methylation prevention
at these select sites currently remains unknown, with no DNA demethylase identified
to date. It waoriginally thought that some CpG islands resist methylation with the
assistance of the tmethylated histone; H3K4me3, which blocde novoDNA
methyltransferase recruitment thereby preventing the establishment of the methylation
patterns at these sit@#/illiams et al., 2012

There is mounting evidence that DNA demethylation is being guided by a family of
proteins called terleven translocation (TET) proteins. Studies have identified three
member of the TET family as potential players in blocking ylatton of cytosine
residues; TET1, TET2 and TET3. TET1 protein was identified as an oxidising agent
that could convert Jnethylcytosine (5mC) to its aldehyde form; -5
hydroxymethylcytosine (BmC) (Tahiliani et al., 200p It was originally proposed
thatTET proteins passively induced DNA demethylation through the production of 5
hmC, since the maintenance DNA methyltransferase DNMT1 appeared to have
reduced methylating efficiency for hemmethylated 5hmC, thereby hindering
restoration of methylation patins during DNA replication.

However, now it is thought that DNA demethylation could actually be an active
process instead of a secondary mechanism originally proposed. There is mounting
evidence that the TET protein family, alongside thymine DNA glycesy(d@DG),

are responsible for convertingndethylcytosine (85nC) to cytosine. It has been
proposed that these proteins actively remove methyl groups from cytosine residues in
CpG islands. The-BmC form of cytosine is actually an oxidation intermediaryicivh

can undergo two further rounds of oxidation generating an aldehyde; 5
formylcytosine, and a carboxylic acid;-carboxycytosine. These two forms of
cytosine are recognised and subsequently excised by thymine DNA glycosylase
(TDG). The DNA demethylationycle is then completed through base excision repair,
which fills the excision gap with an unmethylated cytogtie et al., 201}
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1.16 DNA Methyltransferase Inhibitors i Azanucleosides.

Due to the reversible nature of epigenetic modifications, DNA megibyl patterns
and associated gene expression have the potential to be reformed by hindering the
restoration of heramethylated DNA during cell replication. A family of DNA
methyltransferase inhibitors (DNMTi) have been developed that deteriorate DNA
methyation patterns, thereby inducing a hypomethylated ¢@tentdsCardama et
al., 2010. These drugs hinder the restoration of hemthylated DNA to its fully
methylated form during replication by blocking the actions of the principle
maintenance methyltransferase, DNMTR.NMT i 0 s can be <c¢classified
nucleoside or nomucleoside intbitors. Further advances have been made with the
nucleoside analogues, compared with-nocleoside analogues, due to their greater
activity in living cells (Yang et al., 2010 There are currently five nucleoside
DNMT i 0 sazacytidihe, Eaza2 @leoxycytdine, zebularine, -“Huoro-2 6
deoxycytidine and dihydrb-azacytidine, whose structural similarity to cytosine
allows them to be incorporated into newly synthesised iX#&ng et al., 2010 5
azacytidine (ViadaZ3 and 5aza?2 {@leoxycytidine (Decitabirf are the most potent
of these inhibitors, both of which have been approved in the USA for
chemotherapeutic purposes by the Food and Drug Administration (FDA), as a
treatment for myelodysplastic syndrome subtypéang et al., 2010Kaminskas et
al., 2005.
5-azacytidine (8aza) and faza2 -@leoxycytidine (5azadC), collectively termed
azanucleosides, are cytidine analogues that must gain access to the cells interior to
carry out their demethylating action. Human nucleotide transporters (hNTs) are known
to carry naturally occurring nucleosides and nucleoside analogues across the cell
membrangZhang et al., 2007 Therefore, it was proposed that synthetic nucleoside
analogues, such asaza and fazadC, utilise the same transporter proteins to enter
the cell However, the precise hNTs involved remain undefined due to the conflicting
data surrounding the proced®ius et al., 2009a)Damaraju et al., 2012) (Hummel
Eisenbeiss et al 2013) (Wu et al., 2015). Earlier studies suggested thatazetlarkd
5-azadC were transported by the human concentrative nucleotide transporter 1
(hCNT1), based on the link between transporter presence and sensitization to
azanucleoside demethylating effe(®&us et al., 2009a)However, this belief was
later challenged when rate$ azanucleoside transport were quantifiedXenopus
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oocytes transformed to express individual hNTs in order to establish which transporter
contributed most significantly to the their internalisati@amaraju et al., 2032
Based on rates of transportdaassociated cytotoxicity this study indicated thaiza

and 5azadC were transported by separate members of the hNT family, hCNT2 and
hENT1/hENT2 respectivelfDamaraju et al., 20)2When investigating transport in
primary acute myelogenous leukemglls and leukemia cell lines;d&a was found

to strongly depend on the hENT1ltransporfelummetEisenbeiss et al., 2013
Another recent study investigated the transport and thus the resporaead®in

bone marrow and peripheral blood samples takem fmyelodysplastic syndrome
patients. It was found that lower hENT1 expression was associated with primary
resistance to “‘azadC, thereby inferring that hENT1 is a key transporter for
internalisation of this azacytosirfé/u et al., 201% The conflictig data may be a
result of azanucleoside uptake being analysed in different cell types, whereby cells
with low expression of one transporter type call upon other hNTs to compensate for
the deficit. Once this potential difference in transporter expressiorisalised
between cells being analysed, the principle transporters for each azanucleoside should
become more apparent.

5-aza and fazadC have similar mechanisms of intracellular metabolism, as depicted
in Figure 1.13. Once the nucleoside analoguesraida the cell they must undergo
phosphorylation by a series of kinases in order to be converted into their active
nucleotide form, gaza2 -@leoxycytidine5 -@riphosphate, for incorporation into DNA.
5-aza is firstly phosphorylated to a monophosphate foyraridinecytidine kinase.

This monophosphate then undergoes two subsequent phophorylation reactions by
pyrimidine diphosphate and triphosphate to ultimately convert it to the highly active
triphosphate form, which can be incorporated into nucleic g&dminskas et al.,
2005, Rius et al, 2009b, Issa and Kantarjian, 2009@zadC is a
deoxyribonucleoside meaning that it is incorporated exclusively into DNA once
phosphorylated to -&za?2 -@eoxycytidine5 -@riphosphate by deoxycytidine kinase
and pyrimidne diphosphate/triphosphate. HowevegZa is a ribonucleoside and so
faces a crossoad when in its diphosphate forma%a diphosphate has the potential

to undergo another round of phosphorylation to a triphosphate or to be converted into
a deoxyribonaleotide (Li et al., 197(). Typically ~8890% will remain a

ribonucleotide and so will be incorporated into RNA, resulting in ribosome
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dysfunction and subsequent protein synthesis failure thereby accounting for the
recorded cytotoxicity associated with espre to this inhibito(Glover and Leyland
Jones, 1987 Li et al.,, 1970. The remaining ~120% are reduced to a
deoxyribonucleotide by ribonucleotide reductase-&z&deoxycytidine diphosphate.

This diphosphate is then phosphorylated to activazd& -@leoxycytidine5 -0
triphosphate, which can be incorporated into Di§aminskas et al., 200heone et

al., 2008 Li et al., 1970.

Cytidine nucleotides and activated azanucleoside analogues have an almost identical
chemical structure. Due to this similewmology the analogues will be incorporated
into the DNA of proliferating cells in place of cytidine. DNA methyltransferase 1
(DNMT1) will make attempts to methylate the incorporated inhibitor. The normal
process of maintenance methylation by DNMTL1 inveltlee temporary attachment

of the enzyme to the cytidine nucleotide, allowing it to catalyse the methylation of the
newly incorporated nucleotide. Once the full methyl pattern is restored DNMT1
detaches from the DNA strand, free to bind and catalyse aytatines. This
maintenance process is disrupted kyza and &azadC. When DNMT1 binds to this
nucleoside it becomes trapped on the DNA strand due to an interaction between
DNMT1 and the nitrogen located at the carbon 5 position in the pyrimidine. This
enzyme trapping means that it will no longer be free to restore methyl patterns on
subsequent daughter strands that form during replicéion et al., 2007Yang et

al., 2010. Eventually, this will result in significantly hypomethylated DNA strands
following many rounds of replicatiofLyko and Brown, 2005a, Jones and Taylor,
1980) Since these nucleoside analogues work by being distributed throughout the
DNA, 5-azadC is thought to be a more potent hypomethylating agent with lesser
cytotoxicity due to i sole incorporation into DNA.
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Figure 1.13. Azanucleoside Mechanism of ActioilBoth DNA methyltransferase inhibitors,
5-Aza and 5Aza-dC, enter the cell interior ViRENT ltransporters. Once inside the cell the
cytosine analogues undergo several rounds of phosphtionyl®&Aza-dC can incorporate
directly into DNA since it is a deoxyribonucleosideAsa can be incorporated into both RNA
(~80-90%) and DNA (~1€0%). 5Aza requires an additional reduction step to convert it
from a ribonucleosidénto a deoxyribonucleasle for incorporation into DNA(Quintas
Cardama et al., 2010
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1.17Histone Modificationsi Acetylation / Deacetylation.

Histone proteins form a core histone octamer (two copies of H2A, H2B, H3 and H4),
around which 146 base pairs of DNA wraps to form a nucleosome. Nucleosomes are
the basic unit of compacted chromatin, and so are important in gene expression
regulation(Marks et al., 200l Each histone making up the histone octamer have a
lysinerich tail at their amingerminal, which gives the octamer a strong positive
charge. It is this positive charge that supports the strong interaction between the
histones and DNA, aisting chromatin compactioffMarks et al., 2001 Post
translational modifications can also occur at the anwnminal tails of the core
histone proteins including; acetylation, methylation, ubiquitination, phosphorylation,
sumoylation, ADP ribosylatiorproline isomerisation, hydroxylatiqfralkenberg and
Johnstone, 2034 Histone acetylation and methylation are the most extensively
studied of these epigenetic processes. Such histone protein modifications are
associated with alterations in chromatin stane and thereby play an important role
in  transcription  regulation. The transcriptional effects of histone
acetylation/deacetylation on NLR expression will be investigated in this research.
Histone acetylation is involved in modifying chromatin strucamd associated gene
expressiorfHaberland et al., 2009Histone acetylation and transcriptional activation
are inversely related. Acetylation neutralises the positive charge of lysine residues
within histone Nterminal tails, thereby reducing their affinfor surrounding DNA.
Histone acetylation status is maintained by a balance in the activity of two enzymes;
histone acetytransferases (HATs) and histone deacetylases (HDARSs)et al.,
2007, as outlined in Figure 1.14. HATSs assist the transfereti/agroups from acety
co-enzyme A onto histone tallysine residues, promoting chromatin relaxation.
Conversely, HDACs remove acetyl groups and so are associated with chromatin
tightening(Konsoula and Barile, 2012bAcetylation supports gene transcigpt in
several ways. Firstly, the more relaxed chromatin state increases accessibility for
transcriptional machinery to assemble on the unravelled target (adsazian and
Grunstein, 2007, Konsoula and Barile, 2012h)addition, the acetyl groups che
recognised by transcriptional activators via their bromodomain, thereby further
assisting transcription initiatiofiRuthenburg et al., 200.7
Histone deacetylation supports a transcriptional repressive state by removing the
acetyl group that was acting to neutralise the positively charged lysine residue. The
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now exposed positively charged lysine residues can interact with negatively charged
DNA, causing the latter to wrap around histones like a spool of thread. This chromatin
compaction blocks access of transcriptional machinery, thereby repressing gene

expressior{Shahbazian and Grunstein, 2007

Content'Removed Due to.Copyright

Figure 1.14. Transcriptional Regulation by Histone Acetylation.Histone acetylation by
histone acetyltransferases (HATS), neutralises histone positive charge, promoting chromatin
relaxation and therefore transcriptional activation. Histone deacetylation by histone
deacetylasesHDACS), exposes histone positive charge, promoting chromatin compaction

and therefore transcriptional repress{@muang et al., 2009
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1.18Histone Deacetylase Enzymes.

Histone deacetylase enzymes (HDACSs) are responsible for the removal of acetyl
groups from histone proteins and also a variety of-htmtone proteins including
transcription factors, transcription regulators, signal transduction mediators, DNA
repair enzymes, nuclear import regulators, chaperone proteins, cytoskeleton proteins
and inflammation mediatorgXu et al., 2007 Falkenberg and Johnstone, 2D1kh
humans, 18 HDAC enzymes have been identified and classified into four distinct
classes (Table 1.4) based on homology to yeast HB@ader and Guarente, 2004
Bhalla, 2005Marks andDokmanovic, 2005Xu et al., 200Y. HDAC classes include;
class | HDACs (HDAC1, 2, 3 and 8), class Il HDACs (HDAC4, 5, 7 and 9), class lla
(HDACG6 and 10), class Il sirtuins (SIRT7) and class IV (HDAC11). Class I
sirtuins have nicotinamide adenine diteotide (NAD+) cofactor dependent active
sites. All other HDAC classes are independent of NAD+, but require zirfé) (@n
their active site to carry out their enzymatic acti{iBfander and Guarente, 2004
Cellular distribution of these enzymes diff@etween subfamilies (Table 1.4). Class
| and IV subfamilies reside primarily in the nucleus, class IIB are mainly cytoplasm
based, class IIA move between the nucleus and cytoplasm, and finally class Il are
scattered across the nucleus, cytoplasm andchuotaria (Konsoula and Barile,
2012b) Class | and Il are the best characterised HDAC subfamilies. Class | HDACs
are ubiquitously expressed in the nucleus of cells and exhibit strong deacetylating
activity. They are structurally simple, consisting of slkearboxy and amineterminal
extensions alongside the conserved deacetylase d@deberland et al., 2009Class
lla HDACs have much larger-erminal extensions with binding sites for myocyte
enhancer factor 2 (MEF2) transcription factor, rendeHIPACs signal responsive.
These HDACs are negatively regulated by kinases such as; protein kinase D (PKD)
and calcium/calmodulidependent protein kinase (CaMKEgga et al., 2004d.u et
al., 2000 Upon phosphorylation, class lla HDACs dissociate from RIBRd move
away from the nucleus and into the cytoplasm. MEF2 subsequently binds a HAT
enzyme in place of the HDAC enzyme, promoting chromatin compaction and
repressing transcriptiofLu et al., 2000pMiska et al., 1999Sparrow et al., 1999
Haberland eal., 2009. Class lla enzymes are expressed in specific tissues across the
body. HDAC4 is found exclusively in the brain and growth plates of the skeleton
(Vega et al., 200hb HDACS and 9 are found in the heart, muscles and lfFdiang

48



Chapter 1

et al., 2002Chang et al., 2004 HDACY7 is found occurring in endothelial cells and
thymocytes(Chang et al., 2006 Class Ilb, specifically HDACS6, is the primary
mammalian cytoplasmic HDA(Zhang et al., 2008Class | HDACs appear to play a
vital role in cell prolifeation, in contrast with class Il enzymes, which are associated
with more tissue specific actiorfMarks and Breslow, 2007 These differences in
function are reflected in their expression distribution, with class | HDACs being
ubiquitously expressed, whea® class Il HDACs have more restricted expression
patterns. HDAC repressor properties can be blocked by exposure to HDAC inhibitors,

which arediscussedhn the following section.

Content/Removed Due to.Copyright

Table 1.4. HDAC Classification.HDAC enzymes are classified into four main subfamilies;
class I, lIA, 1B, lll and IV. These subfamilies differ in their NAD+ or*Znequirements and

cellular localisatior{Konsoula and Barile, 2012b)
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1.19Histone Deacetylase Inhibitors.

Histone @acetylasdnhibitors (HDACIi) can alter gene expression by preventing
removal of acetyl groups from histones and transcription factor complexes. By
bl ocking cl ass | and |1 H D A-@cetydatet status,t vy , HDACI
and subsequently a mordareed chromatin, which enhances transcription machinery
accessibility to DNA and transcription factor activiu et al., 2005 (Glozak et al.,
2005 Gryder et al., 2012 HDAC inhibitors have been isolated from both natural
sources and synthetic composndrhis structurally diverse family of epigenetic
repressors have different pharmacokinetic properties, target specificity and activity.
HDAC inhibitors can be classified according to their structure as follows; (i)-short
chain fatty acids; (ii) hydroxamiecids; (iii) cyclic peptides; (iv) benzamides; (v)
ketonegKonsoula and Barile, 2012b) HDACi 6 s al so differ in the
some inhibiting all HDACs, referred to as pADAC inhibitors, while others are
classspecific(Bassett and Barnett, 249).
The first HDAC inhibitor to be discovered wasbutyrate (Riggs et al., 1977
Butyrate is a shofnthain fatty acid produced endogenously as gimguct of
anaerobic bacterial fermentation of dietary fibre fermentation in the ¢Stehiou et
al.,2012. Butyrate was found to induce growth arrest and senescence in cancer cells
(Terao et al., 2001 It was later uncovered that butyrate acted partly by inhibiting
HDAC enzymegBerni Canani et al., 20)2Efforts were made to capture the HDAC
inhibiting properties of butyrate for therapeutic benefit in the treatment of cancer,
where growth arrest and senesces are desirable. However these efforts were foiled by
the poor pharmacokinetic profile of butyrgfest-pass hepatic clearance and short
half-life) and the high doses required to reach therapeutic concentrédimhisu et
al., 2012.
Trichostatin A (TSA) was the first naturally occurring hydroxamic acid HDAC
inhibitor to be discovere(Marks and Brslow, 2007. TSA was originally classified
as an antifungal antibiotic but was later found to have potent HDAC inhibitory effects.
TSA was shown to arrest the cell cycle at G1 and G2 phases, induce differentiation of
cells and revert transformed cell mogbdgy (Yoshida et al 1995). Suberoylanilide
hydroxamic acid (SAHA) is another hydroxamic acid$HDAC inhibitor discovered
after extensive screening and is currently the most advanced HDAC inhibitor in use
(Bassett and Barnett, 2014Both SAHA and TSAhave been FDA approved for the
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treatment of cutaneous-Cell lymphoma. Treatment of transformed cells with either

of these HDAC inhibitors alters the expression of a limited numbet(92) of genes.
Among these genes are the cya@pendent kinase inhtbr p21 and the tumour
suppressor p53, whose expression are increased following SAHA treatment. Increased
p21 expression promotes cell cycle arrest in the G1 phase by blocking the assembly
of cyclin-dependent kinase complexes essential for cell cycle gssign(Gartel and

Tyner, 1998. HDAC inhibitors have been found to induce cell death, but the
mechanism has yet to be fully elucidated. It has been proposed that SAHA induces
reactive oxygen species (ROS) production in transformed cells, but not nofimal ce
These reactive oxygen species enhance caspase activity, indirectly promoting cell
death(Peart et al., 2005Normal cell resistance to SAHkduced ROS production is
potentially a result of high thioredoxin levels. Thioredoxin is a potent ROS saayeng
thereby preventing cell death inductigngerstedt et al., 2005

1.20Concluding Remarks

NOD1 and NOD?2 receptors have been linked to a wide range of chronic inflammatory
diseases. Aside from the negative/positive protein regulators discussed in $&;tion
regulation of receptor function is still in its infancy. Evidence has emerged over the
past few years in the literature that could indicate a role for epigenetic modifications
in NOD1 and NOD2 activity and expression, with global hypomethylated or
hyperacetylated patterns being linked with states of chronic inflammation
(Bayarsaihan, 2011, Karatzas et al., 2014, McDermott et al., 2016, Tsaprouni et al.,
2011) Thesefindings, alongside whats known about the influence of epigenetic
modifications on gee expression, potentially provide an explanation for
NOD1/NOD2 expression patterns identified in chronic inflammatory diseases.
Uncovering the NOD1/NOD2 gene expression regulation mechanism is essential in
order to gain a better understanding of NOD1/NO@y&sfunction in chronic
inflammatory diseases. If the epigenome is found to regulate expression/activity of

NOD1/NOD2 receptors it could pave the way for novel therapeutic development.
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1.21Knowledge Gaps in the Published Literature

The following knowledgeaps existed in the published literature at the time of thesis
project design;
x Mechanisms underlying aberrant NOD1 and NOD2 expression in states of
chronic inflammation.
x The role played by the epigenome in regulation of NOD1 and NOD2 pro
inflammatoryactivity and expression.
x  The effects of monocyt®-macrophage differentiation on NOD1 and NOD2

pro-inflammatory activity and expression.

1.22Hypothesisof Current Thesis.

Epigenetic modifications regulate NOD1 and NOD2 receptor activity and expression

in intestinal epithelial cells and monocytes.

1.230bjectives of Current Thesis.

The experimental work conducted for this thesis was designed to investigate the role
of epigenetic modifications in NOD1 and NOD2 receptoripftammatory activity
and expression. Thabjectives of this experimentation were;

1. Toinvestigate if NOD1 prinflammatory activity and/or expression is altered,
in an intestinal epithelial cell line, under hypomethylating or hyperacetylating
conditions.

2. Toinvestigate if NOD2 prinflammatory ativity and/or expression is altered,
in an intestinal epithelial cell line, under hypomethylating or hyperacetylating
conditions.

3. Toinvestigate if NOD1 pranflammatory activity and/or expression is altered,
in a monocytic cell line, under hypomethylatingpyperacetylating or
differentiating conditions.

4. To investigate if NOD2 pranflammatory activity and/or expression is altered,
in a monocytic cell line, under hypomethylating, hyperacetylating or

differentiating conditions.
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Chapter 2 Materials and Methods

2.1 Materials
Method Product ngﬁ:t Supplier
Cell Culture Materials
Cell RPMI-1640 Medium G7513
Maintenance | McCoys 5A Medium M8403
L-Glutamine G7513
Penicillin/Streptomycin P4333 . ,
Dul beccods Ph(D8537 ft'gma Aldrich
Buffered Saline '
Trypsin EDTA T4174
Hanks Balanced Salt Solution H9394
Trypan Blue T8154
Fetal Bovine Serum 10270 Gibco (Life
106 Technologies)
Differentiation | Phorbal 12Myristate13- P8139 Sigma Aldrich
Acetate Ltd.
Drug 5-Azacytidine A2385 Sigma Aldrich
Treatments 5-Aza-2-deoxycytidine A3656 Ltd.
SAHA Inh- Invivogen
SAHA
Receptor iIE-DAP tirl-dap
Ligands TRI-DAP tlrl-tdap Invivogen
MDP tirl-mdp
LPS tirl-eklps
Western Blotting Materials
EGTA E3889
Sodium Fluoride S7920
Trizma Base T1503
Cell Lysis Sod?um Chloride S/3160/60| Sigma Aldrich
Sodium Deoxycholate D6750 Ltd.
Sodium Orthovanadate S6508
NP-40/Igepal CA630 17771
Protease Inhibitor Cocktail P8340
Bradford Bovine Serum Albumin A9647 Sigma Aldrich
Assay Bradford Reagent B6916 Ltd.
Trizma Base T1503
Buffer Prep Glycine _ G8898 Sigma Aldrich
20% Sodium dodecyl sulphat¢ 5030 Ltd.
Tween 20 P1379
Glycerol G5516 . ,
Sample prep | Bromophenol Blue B0126 ftlgmaAldrlch
2-mercaptoethanol M3148 '
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Method Product Pg)(;:i(;]gt Supplier
30% Acrylamide A3574
20% Sodium dodecyl 5030 Sigma Aldrich
Gel electre sulphatg Ltd.
phoresis Ammonium Persulfatg . A3678
Tetramethylethylenediamine T9281
Chamel eonE Du P/N928 LI-COR
stained Protein Ladder 60000 Biosciences
Trizma Base T1503 Sigma Aldrich
Glycine (8898 Ltd.
Nitrocellulose Membrane 10600003 | GE Healthcare
Transfer : )
Life Sciences
Filter Paper 11765345 : N
Methanol M/4062/17 Fisher Scientific
Aptamil® Infant Milk N/A Supermarket
Bovine Serum Albumin A9647 Sigma Aldrich
Blocking Ltd.
Odysse$ Blocking Buffer P/N 927 LI-COR
(TBS) 50000 Biosciences
NOD1 3545 Cell Signalling
Tech.
NOD2 04-145 Millipore
RSK1 9355
p-RIP2 65746
p-p38 4511
p-ERK1/2 4370
. p-p65 3033
s |21 280
Total RIP2 4142 Cell Signalling
Total p38 Tech.
Total ERK1/2 99267
Total p65
Total | aBU 9936
A20 5630
b-Actin A5541
b-Tubulin 86298
IRDye 800CW Goat anti 92632211
Secondary | RabbitlgG _ LI-COR
Antibodies |RDye 680LT Goat arti 926-68020 Biosciences
Mouse IgG
gPCR Materials
RNA Isolation | High Pure RNA Isolation Kit | 1182866500 Roche Ireland
1 Ltd.
MolecularBiology Grade BP2818 Fisher Scientific
Ethanol 500
RNase AWAYE 7002 ThermoFisher
Scientific
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Method Product Pg)gcl;:t Supplier
High Capacity cDNA 4368813 Applied
Reverse Reverse Transcription Kit Biosystems
Transcription | Molecular Biology Grade W4502 Sigma Aldrich
Water Ltd.
Lightcycler 48 Probes 0470749400
Master 1
NOD1 primer 100188
NOD?2 primer 102939
TNF-U pri mer 103295
qPCR IL-6 primer 144013 Roche Ireland
CDK2NA primer 101437 Ltd.
DNMT1 primer 102318
DNMT3B primer 110289
b-Actin primer 143636
b-Tubulin primer 119231
RPL13Aprimer 102119
ELISA Materials
Wash Buffers Phosphate Buffered Saline | P4417 Sigma Aldrich
Tablets Ltd.
Human TNFU EL | S A 887346
Kits Human IL-6 ELISA kit 88-7066 R & D systems
Human IL-8 ELISA kit DY208

Table 2.1 Materials utilised within the methods of the current thesis.
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2.2 Cell Culture

Monolayer and suspension cell linegre used for thé vitro studies carried out;

HCT116 intestinal cell line and THP monocytic cell lingrespectively

2.2.1Monolayer HCT116 intestinal epithelial cell line

HCT116 cells are an adherent cell line sourced from a primary culture of cells isolated
from a human colonicarcinoma and supplied by American Type Culture Collection.
Both wild type HCT116 (WT) anca DNMT3b knockout HCT116 (DNMT3h
variant were used to complete this work. DNMT3bells were generated in the
Vogelstein lab by homologous recombinat{&neeet al., 2002)These cells grow as

a monolayer on the hydrophilic growth surface of T25/T75/T175 culture flasks in a
Hera Cell humidified incubator (Heraeus, Hanau, Germany) under standard
conditions; 37C, 5% CQ, and 95% air. Cells were culturedinMeCy s s 5A medi um
(Sigma Aldrich,M8403), supplemented to provide them with the appropriate growth
conditions (Table.2). HCT116 cell density was monitored daily using the Trypan
Blue Exclusion assay. To provide cells with an optimum growing environméht, ce
density was maintained at a concentration ranging between 2 gell&ml (low
density) and 1 x Tcells/ml (high density) (Figure 2.1).
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Supplement (% v/v) ‘ Purpose of Supplement

10% Fetal Bovine Serum A source of essential embryorgoowth factors for
cell growth.
1.5% L-Glutamine Acts as an alternative energy source to glucose ar

nitrogen atoms to meet high energy demands of th
cells.

1% Penicillin/Streptomycin Antibiotics that act synergistically to destroy gram
negative angrampositive bacteria, blocking

bacterial contamination.

0.1% Hygromycin Additional antibiotic required to maintain the
DNMT3b™ knockout.

Table 22. Cell culture medium supplementation concentration (%v/v), alongside a
description of purpose.Culture medium was supplemented with 10% fetal bovine serum,
1% penicillin/streptomycin and 1.5%dlutamine to provide cells with an optimum growing
environment. Culture medium for HCT116 DNMTBb cells requires additional
supplementation with 0.1% hygromycim iaintain the DNMT3b genetic knockout.

ContentiRemoved Due to Copyright

Figure 2.1: HCT116 cell line.A) Low density state, with adequate space for further growth.
Confluency typically observed when cetisacheda density between 2 x 4@nd 5 x 10
cells/ml. B) High density state, with minimal space left for further growth. Confluency

typically observed when celisached density between 8 x 48nd 1 x 10cells/ml (ATCC).
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2.2.2Sub-culturing HCT116 cell line

All reagents required for this processrev@varmed to 37C using a water bath prior

to retrieving flasks of cells from the incubator. Volumes of reagents required depended
on flask size, sedable 2.3 Culture medium surrounding the adhered cells was
removed from flask and discarded in Virkdisinfectant Adhered cells were washed
withDul beccods Phos pP83)¢SigBauAldfica,rD8537wBichl i n e
was carefully pipetted down the side of the flask without the cells adhered to ensure
not to detach the cells during washiR®BS was gentlyocked over the adhered cells

and subsequently discarded to remove residual mediugpsintEDTA (Sigma
Aldrich, T4174), diluted to a working concentration of 10 %v/v with Hanks Balanced
Salt Solution (Sigma AldrichiH9394),was pipetted onto the adhereells and the

flask was rocked back and forth to ereseven distributionThe flask was placed back

in the incubator for approximatelthree minutes while the trypsin took effect.
Following thethreeminute incubation, the trypsin was neutralised with double the
amount ocompleteMcCoys mediumas highlighted in Table 2.3he neutralised cell
suspension was moved into b sterile tubes and spun in a centrifuge at 1400

for five minutes. The resultingupernatant was discarded and cell pellets were re
suspended in fresh medium. Cell density was established using the haemocytometer
method (see below). Cells were diluted accordingly to return cell density to the desired
concentration; 2 x FOcells/ml. Ths process was repeated every-4B4Ahours,

depending on thexponential growth phase tife cells.

Flask size PBS (ml) | 1X Trypsin (ml)  Neutralising Medium (ml)

T-25 3 1 2
T-75 5 4 8
T-175 10 5 10

Table 2.3 Reagent volumes for lifting adherent cell$n various sized flasksFlasks ranged
in size from F25 to T-175, smallest to largest. Different sized flasks required different

volumes (ml) of PBS, trypsin and neutralising medium to lift adherent cells from flask surface.

58



Chapter 2

2.2.3SuspensionTHP-1 monocytic cell line

THP-1 cells are a suspension human matiocell line sourced from a ongear old

male with acute monocytic leukaemia and were supplied by American Type Culture

Collection. These cells grow as a suspension2®/T75/T175 culture flasks in a Hera

Cell humidified incubator (Heraeus, Hanau, Germany) under standard conditions; 37
C % CByrand 95% air. Cells are suspended in RRMI40(Sigma AldrichG7513

medium supplemented to provide them with the apprggi@wth conditions (Table

2.1). THP-1 cell density was monitored daily using the Trypan Blue Exclusion assay

(see below)To provide cells with an optimum growing environment, cell density was

maintained at a concentration ranging between 2xd®ml (low density) and 1 x

1P cells/ml (high density) (Figure.2).

Content/Removed Due to Copyright

Figure 2.2: THP-1 cell line.A) Low density state, with adequate space for further growth.
Confluency typically observed when cetisacheda density between 2 x 4@nd 5 x 10
cells/ml. B) High density state, with minimal space left for further growth. Confluency

typically observed when celtsachedh density between 8 x 48nd 1 x 106cells/ml (ATCC).

2.2.4Sub-culturing THP -1 cell line

All reagents required for thigrocess were warmed to 3C using a water bath prior

to retrieving flasks of cells from the incubator. The cell suspension was moved into
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15/50 ml sterile tubes and spun in a centrifuge at 14f@ for five minutes. The
resulting supernatant was discardesd cell pellets were 1®uspended in fresh
medium. Cell density was established using the haemocytometer method (see below).
Cells were diluted accordingly to return cell density to the desired concentration; 2 x
10° cells/ml. This process was repeatedery 2448 hours, depending on the

exponential phase of the cells.

2.2.5Differentiating THP -1 cell line into Macrophages

THP-1 cells were treated with phorbal-bi#ristate 13acetate (PMAJSigma Aldrich,
P8139) to differentiate the monocytic cell line intocells whose functional
characteristics and phenotype closely resembled those of macrogbagé<t al.,
2016) A time and dose response for the PMA treatment was carried out to establish a
standardised protocol. THPcells were treated for 24/ 48/ 72 n®with 0 ng/ml, 1
ng/ml, 10 ng/ml or 100 ng/ml PMA. Cell adherence, RSK1 protein expression levels
(Huber et al., 2015and CD16+ cell surface markefisaliani and Boraschi, 2014)
were analysed to establish differentiation efficiency. Based on findnogs this
optimisation period, cells were chosen to be treated with 10 ng/ml of PMA for 48
hours for optimum differentiation. Following the-#h®ur treatment period, the RPMI
1640 medium was replaced with fresh medium before subsequent treatments.

2.3 Determining cell density

Cell density was determined using the Trypan Blue Exclusion Assay. This assay is
based on the concept that trypan blue is an impermeable dye that cannot penetrate the
intact cell membrane of viable cells but can enter-viable cells dueto their
compromised membrane integrity.

A 1:1 dilution of the cell suspension was made with%.4rypan Blue dye (Sigma
Aldrich, T81549 and incubated at room temperature for 30 secohelss | of t he
homogenous cell/dye suspension was pipetted intamaloér of a Neubauer Improved
Haemocytometr (Sigma Aldrich,BR717809% onto which a cover slip had been
temporarily adhered. The haemocytometer was then placed under a CKX31 inverted
light microscope (Olympus Corporation, Tokyo @314, Japan) for investigation.

The number of viable cells was counted within each of the doadrants of the

chamber, as highlighted in Figure 2.8Bhe general counting rule, followed to prevent
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double counting cell, was to include any cells that touched the left and lower borders
of each box whin the four quadrants (Figure 2.3

Worked examm of a Typical Cell count:

A) Top Left Quadrant =@l cells

B) Top Right Quadrant = 4€ells

C) Bottom Left Quadrant = 38ells

D) Bottom Right Quadrant = 4&lls

Total Cell Count =166cells in the haemocytometer chamber

The total cell count then had to be matfa¢ically manipulated to determine the cell
density.

(i) Average number of cells per Quadrant

166cells per chamber 4 = 41.5cell per quadrant

(i) Factor in 1:1 dilution with Trypan Blue
41.5cells/quadrank 2 = 83 cells per quadrant (undiluted)

(iii) Cell Density

The dimensions of a quadrant are 1mm x Imm x 0.1mm i.e. (T grix)

83 cells/quadrank 10* = 445,000 cells/ml

A Cell Density = 83®00 cells/ml
This assay was carried out during cell maintenance, to ensure cultures were maintained
below 1x 1 cells/ml. It was also utilised to establish dilutions required to reduce cell

density to the optimum seeding density for subsequent treatments.
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Figure 2.3: Counting chamber of a haemocytometeiEach chamber af haemocytometer
contains four counting quadrants markeeDAThe numbers of viable cells within the
boundaries of these counting quadrants were recorded. The general rule followed when

counting wago include cells lying on the left andwer boundaries.

2.4 Seeding cells for treatments

Cell suspension density was determined using the Trypan Blue Exchssary, as
described in Section.2 The desired density for receiving treatments varied with the
assay and agent type (TaBld). The dilution factor regjred to reduce the cell density

to the appropriate concentration was calculated and the cell suspension was diluted
accordingly with fresh culture medium in a sterile tube. This diluted cell suspension
was inverted several times to ensure homogeneitganskquently distributed across
culture plate wells THR-1 cells were ready to be treated immediately after seeding,
whereas adherent HCT116 cells required 24 hours to adhere to the plate surface before

receiving treatment.
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Cell densty  Cell culture WeII-
Agent Type capacity
per well plate
(el
MTT All agents 200,000 96-well 200
cells/ml
MRNA Agents not inducing 250,000 6-well 2000
and significant cell death cells/ml
protein (DNMTi, NOD1/2 ligands
sample and cytokines)
generation | Agentsinducing 400,000 6-wellor5 | 2000/
significant cell death cells/ml mi 5000
(SAHA and PMA)
ELISA Agents not inducing 200,000 24-well 500
significant cell death cells/ml
(DNMTi, NOD1/2
ligands)
Agents inducing 400,000 24-well 500
significant cell death cells/ml
(SAHA and PMA

Table 24: Seeding cells for treatmentsThe cell density and culture plates chosen to be used

depended on the assay and agent type.

2.5MTT Assays

This assay was used to investigate the cell viability following exposyretémtially
cytotoxic agents used over the course of this research. M4, %®imethylthiazot
2-yl)-2,5-diphenyltetrazolium bromide, a tetrazol€pigma Aldrich, M2128)is
reduced to purple formazan in the mitochondria of living cells. MTT is only reduce
when mitochondrial reductase enzymes are active, meaning formazan production can
be directly related to the number of viable cellfie agent concentrations and
exposure times chosen to be investigated are outlined in Z&ble
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Agent Type Concentrations Time points (hrs)
targeting drugs | 5-Aza-2- 0.1, 0. 5, (24,48,72

deoxycytidine

SAHA 1, 10, 10|24,48,72

TSA 1, 10, 10|24,48,72
NOD1/2 iE-DAP 1, 10, 10hg/ml 1,3,6,24
Ligands TRI-DAP 1, 10, 100 ng/ml 1,3,6,24

MDP 1, 10, 100 ng/ml 1,3,6,24

Table 25: MTT assay agent concentrations and exposure timesCytotoxicity of
epigenomedrgeting drugs and NOD1/2 ligandere analysed at variogencentrations and

time points.

The main stock of each agent was diluted accordingly to generate several stock
solutions to ensure the same volume of agent
the cell suspensi on v olatmemdsweracagiedodtwitvel | t o 2
six replicates for each concentration and time point. Each plate also included six
AUntreatedo wells, which contained cell s the
six fABl anko we Hréesvells aoitainmdidp eukure enediumn.| These

control groups received 20 ¢l of culture med
After the treatmentMTT solution (Table2.6) was added to each well so that the MTT

was diluted 1:10 (i .e. &ntedi ndidhtigdt€dT2 Owass add
cell suspensionand placed back in the incubator under standard culture conditions

for threehours. Following this incubation period, the medium was carefully removed

and discarded. MT%$olventwas prepared as outlined in T@a.6. Each well received

150 ¢l o f , @tdr Which thd plate was covered with tin foil and placed on

an orbital shaker for 15 minutes to agitate cells and assist the dissolving of formazan

crystals. The plate was placed in a spectrophotomedeth@rabsorbance was read at

570 nm.Absorbance readings were used, aditg to the formula in Figure 2.40

establish the percentage cell viability following exposure to the agents.
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MTT

Reagent

Final

Component

Volume

Quantity

MTT Thiazolyl Blue Tetrazolium Bromide | 5 mg

Solution 1ml (MTT)

(5 mg/ml) Phosphate Bufferedaine iml
NP-40 (Igepal) 50 ¢l

MTT Solvent | 50 ml 1 M HCL 200 ¢
Isopropyl Alcohol 49.75 m|

Table 26: MTT assay reagent componentsReagents volumes required to make up MTT

solution (5 mg/ml) and MTT solvent.

-

-

% Cell Viability 1

(Absorbance; Blank)

Average (AbsorbanagBlank) of
Untreated Sample

X 100

J

Figure 2.4: Percentage Cell Viability Formula.The blank absorbance was subtracted from

each sample absorbance. The average (Absorhiabtank) for the untreated sample was

divided into each sample. This value was multiplied by 100 to give a percentage cell viability

value.

2.6 Cell treatments

Cells were seeded as outlined in seclignAgentconcentrations and exposure times

outlined in Table 2.,/were chosen based on thafility to induce a response without

significantly diminishing cell viabilityfAppendix 1 and 2)
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Treatment Type Agent Concentration  Exposure Time

Methyltransferase 1 Spiking)

Inhibitors (DNMT1i) | 5-Aza-2- 500 nM 72 hr (24hr
deoxycytidine Spiking)

Histone Deacetylasg SAHA 10e M 48 hr

Inhibitors (HCACi) | TSA 10e M 48hr

NOD1 Ligands IE-DAP 10 eg/ ml3,6,24hr
TRIDAP 10 eg/ ml1,6,24hr

NOD2 Ligands MDP 10 eg/ ml26,24hr

Differentiation PMA 10 ng/ml 48hr

Table 2.7 Treatment concentrations and exposure timesworking concentrations and
exposure times of DNMT1 inhibitors, HDAC inhibitors, NOD1/2 ligands and differentiating

agent used throughout the course of this research.

DNA methyltransferase 1 inhibitor treatments required spiking #to24 intervals,
due to their short halife and cytotoxic metabolites. This process involved changing
the culture medium in each treatment well and adding a fresh aliquot of DNMTi.

2.6.1Stopping HCT116 cell treatments

Culture medium was removed, leaving the cells adhered to the treatment well surface,
and either discarded or stored-80°C for ELISA analysis. The monolayer of cells
was gently washed with PBS to remove culture medium residoedexh well. The
monolayer of washed cells was covered with PBS and a cell scrapper was used to lift
the cells off the plate surface, releasing them into the PBS. Theé&BSispension

was removed from each well and transferred into 2 ml sterile epgsndod
centrifuged at 140€pm for fiveminutes. The supernatants were discarded, and pellets
were resuspended in either 400 ¢l RNA

analysis.
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2.6.2Stopping THP-1 cell treatments

THP-1 suspension cells wepgpetted directly out of each well and into sterilenR

eppendorfs and centrifuged at 14@dn for five minutes. Supernatants were either
discarded or stored a80°C for ELISA analysis. Cell pellets were washed by re
suspending them inrhl of PBS and dosequently centrifuging them at 14€m for

five minutes.The sipernatants were discardeahd pellets were resuspended in either

400 ¢l RNA |l ysis buffer or 25 ¢l of prot

2.7RNA Analysis

2.7.1Total RNA Isolation

Total RNA extractbon was carried out on cells using the High Pure RNA Isolation Kit
(Roche1182866500L, according to the manufacturer
were spun in a centrifuge at 140Pm for five minutes and supernatants were
discarded. Cell pellets weres uspended i n 400 ¢l of l ysi
break open cells and release cellular contents. Lysates were subsequently run through
purification spin columns, trapping nucleic acids in the glass fibre fleece. Columns
were treated with DNase to glade trapped DNA, thereby leaving only RNA in the
column. This was followed by a series of washes with supplied wash buffers to remove

any contaminating protein and precipitate RNA. Filter tubes were transferred into
RNase/DNase free eppendorfs and ctilbectubes were discarded. The purified RNA

was eluted from the glass fibre fleece, using the provided elution buffer, into the

RNase/DNase free eppendorfs.

2.7.2Total RNA Quantification and Normalisation

Tot al RNA concentration ( ngl/amlo)Dr ovwpaEs
spectrophotometer (Maestrogen, Las Vegas
instructions. The purity of the RNA was established by recording the ratio of
absorbancies at 260nm:280nm. Total RNA was normalised telG00 ng per

reaction usingterile PCR grade water
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2.8 Reverse Transcription

Reverse transcription was carried out using the High Capacity cDNA Reverse

Transcription ki (Applied Biosystems, 4368813, according to the man
instructions. The Mul seip®wded irbtte kitwRssused ats e Tr an s
a concentration of 50 U/egl, as pa®t of the 1
20el reactions were carried out in 0.5 ml RNa
volumes of normalised RNA and RT mix. A raige control, consisting of 20l of

sterile PCR grade water with 10 ¢l of RT mi x
of cDNA to ensurghereagents were not contaminatekhe tubes were placed in the

thermal gcler (MJ Research, PTC20@nd set to theptimized programme for the

High Capacity cDNA ReversEranscription kit, as in Table 2i#elow. Final sampgs

were removed from the cycland storeda2 0 e C unt i | further anal ysi

be performed.

Vol ume

(el)

Component

Per Reaction
2.0
10X RT Random Primers 2.0
25X dNTP Mix 0.8
MultiScribe® Reverse Transcriptase 1.0
NucleaseFree Water 4.2
10.0

Table 2.8: Reverse Transcriptase Mix ComponentsThe required volume of each

component (el) for a reverse transcription react

Temperature (°C) Duration (hr:min:sec)
1 25 00:10:00
2 37 02:00:00
3 85 00:05:00
4 4 b

Table 29: Reverse Transcription Programme.The thermal cycler was programntedaise

the sample temperature to 25eC for 10 minutes,
and finally 4eC until rreeCaed@. to be removed for st
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2.9 Quantitative PCR

Quantitative PCRgPCR)was carried out using the LightCy®et80 SystenfRoche,
05015278001xndLightCyclef® Probes MasterRoche, 047074940017 he forward

and reverse primers for each gene of interest and chosen housekeeping gene were
designedand suppliedy the Roche UniversdrobeLibrary software (Table 210

The housekeeping genes chosen to act as the endogenoust r o | -Actinwer e b
( Roche, Idbali6 @R6che,11923) or RPL13A (Rochel02119. 10 ¢ |

gPCR reactions, carried out in triplicate in-86ll LightCyclef® plates (Sarstedt,
72.1982.202), consistemf 1 ¢ | c DNA mi x eRrobevMasster m ¢ | o]
(Table 2.11). The Ano templated (negat.
samples during reverse transcription, was also plated in triplicate for each primer,
eliminating the generation of potial false positive amplification results. The plate

was covered with optically clear sealing tape (Sarstedt, 95.1994) and placed in the
LightCyclef® 480 system and the programme was set up as outlined in Table 2.12.
Amplification cuwvsef€yofeiNRubmbeescarce ge
Threshold (Ct) was set for each curve to eliminate background fluoreg¢egoee

2.5). The LightCycler 488 software calculated the Ct valughich is the number of
amplification cycles required to cross the sgtle threshold pointfor each sample.

If a gene is highly expressed it would take fewer amplification cycles to cross the set
threshold than a gene of low expression, meaning Ct values are inversely proportional

to gene expression levels. Therefo@t, vdues were transformed via the®2!
mathematical methoflLivak and Schmittgen, 200190 generate data that is visually
representative of expression leveRhese ZPCvalues were further transformed,

generating fold change values relative to the untdesstmples.
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Target Assay _ _
Forward Primer Reverse Primer

Gene l.D.

TNF 103295 | TCCTCACCCACACCAT | GATGGCAGAGAGGAG
CAG GTTGA

IL6 144013 | ACCGGGAACGAAAGA | GAAGGCAACTGGACC
GAAG GAAG

b-Actin 143636 | TCCTCCCTGGAGAAG | CGTGGATGCCACAGG
AGCTA ACT

GAPDH 101128 | CTCTGCTCCTCCTGTT | ACGACCAAATCCGTT
CGAC GACTC

b-Tubulin | 119231 | TGTACTACAACGAAG | GAGAGCTCCTAATTT
CCTACGG GCTAGATCG

RPL13A 102119 | CTGGACCGTCTCAAG | GCCCCAGATAGGCAA
GTGTT ACTT

CDK2NA | 101437 | GTGGACCTGGCTGAG | TCTTTCAATCGGGGAT
GAG GTCT

DNMT1 102318 | GATGTGGCGTCTGTGA| CCTTGCAGGCTTTACA
GGT TTTCC

DNMT3B | 110289 | CCGAGAACAAATGGC | TTCCTGCCACAAGAC
TTCA AAACA

NOD1 100188 | AGGCCTCACGCATCTT | ACAGCCAGGGCGAGA
AAAC TACT

NOD2 102939 | CATGGCTAAGCTCCTT | CGCGGCAGTGATGTA
GCAT GTTATT

Table 210: Roche PCR Primer Assay I.D. and SequenceAssayl.D. and forward/reverse

sequences of primers used to analyse expression of target genes.

Master Mix Components Vol ume per
Primer 0.5
Probe Master Mix 5.0
(FastStart Tag DNA polymerase, react
buffer, ANTP mix and 6.4 mM MgCI2
NucleaseFree Water 3.5
Table 2.1 Primer-Probe Master Mix ComponentsVol umes (¢l ) of target ge

probe master mix and nuclease free water required to carry out gPCR.
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Process Cycle Number Temperature (°C) Time (hr:min:sec)
Denaturation 1 95 00:10:00
- 95 00:00:15
Amplification 45
60 00:00:30
Cooling 1 40 00:00:10

Table 2.12: LightCycler ® 480 Programme.The prepared plate was subjected to one cycle
of denatwation( 95e C f or 1cOy cnhiensu toefs )Ampd 5 fi cation (95

for 30 seconds) and one cycle of cooling (40

Content'Removed Due to . Copyright

Figure25q PCR Ampl i fication Plot. Amplification
A Cycle Threshold (Ct) was set to eliminate background fluorescence. Ct values generated
by the LightCycler 48®system are the number of amplification cycles required to cross the

set cycle threshd point(Talkington, 2013)
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2.10Protein Analysis

2.10.1Protein sample preparation

A 990 ¢l aliquot of protein |ysis buffer (T
protease inhibitor (Sigma Aldrich, P8340) was added. Cell pellets wsrespeanded

in2550 ¢l of the prepared | ysimmedatalydrer . Sampl
stored at20°C until ready to lyse.

Protein lysis buffer component Concentration
Ethylene Glycol Tetracetic Acid 50 mM
Sodium Fluoride 50 mM
Tris-Hydrochloric Acid 1M
Sodium Chloride 5M
Sodium Deoxycholate 0.25%
Sodium orthovanadate 1 mM
NP-40/Igepal CA630
Before use add: Protease Inhibitor 1%

Table 2.13: Protein lysis buffer preparation. Protein lysis buffer components and their

corresponding concentrations to make a working stock of lysis buffer.

2.10.2Protein sample lysis

Thawed samples were placed on ice and vortexed-atidite intervals, over a 40
minute period, placing the samples back on ice after each vortex. For phosphorylated
protein samples, after the-#@inute vortexing/icing period each saepas sonicated

to ensure nuclear proteins were released.

2.10.3Bradford Assay

The Bradford protein assay was carried out to quantify protein sample concentration

(eg/ ml) . The principle underlying this asse
Coomassidrilliant Blue G250 of Bradford Reagent (Sigma Aldrich, B6916) under

acidic conditions causes a colour change from brown to blue, which can be detected

at 595 nm. A series of standards (0, 100, 2E
were generated from2 mg/ml stock concentration of Bovine Serum Albumin (BSA)
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(Sigma Aldrich, A9647), as outlined in Table 2.14. Protein samples were diluted 1:10

to ensure they fell within the standard concentration range. Standards and unknown
samples were pipettedintp | i cat e ( 5 -well glateeBradfyrd reagemto a 9
was subsequently added t o <«hamélpipetelahd ( 250
the plate was covered in tinfoil. The plate was placed on an orbital shaker for 30
seconds after which it wasdnbated at room temperature for 20 minutes. A microplate
spectrophotometer was used to read the plate at a wavelength of 595 nm. The
absorbance values were exported to an Excel file for analysis. The mean absorbance
reading for the Oferredgtd amthe BaBkAwas dulatractea@ frooh , re
all the other standard and sample readings. GrafhPasin software (San Diego,
California) was used to construct a standard curve for the BSA standards, plotting
BSA concentration (& gankat595 mms UnRnovengnoteim nc e |
concentrations were interpolated from the standard curve and multiplied by the
dilution factor to establish the final concentration in each sample. Protein
concentrations could then be rmwatern@l i sed
subsequent Western blot analysis.

BSA Concentration 2 mg/ml BSA Stock
(eg/ ml) (el)
0 0 200
100 10 190
250 25 175
500 50 150
750 75 125
1000 100 100
1500 150 50
2000 200 0

Table 2.14 Bradford Assay Standards.V ol umes of BSA stock (¢gl)
(el) required to gene20alOe cdgi/emlr)a negses eonft isatla nf
Bradford assay.
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2.11Western Blot Protein Analysis

Several buffers, outline in Table 2.15, were prepared beforéngtavestern blot

analysis.
Buffer Components Concentration

4X Sample Buffer Sodium dodecyl sulphate 0.06 M
Tris-Hydrochloric Acid 1M
Glycerol 0.87 M
Bromophenol Blue 0.03M
Before use add: 2mercaptoethanol | 5%

5X Running Buffer Trizma Base 0.12 M
Glycine 1.44 M
Sodium dodecyl sulphate 0.5%

10X Transfer Buffer Trizma Base 247.65 M
Glycine 1.92M

10X Tris-Buffered Saline| Trizma Base 50 mM

(TBS) pH=7.6
Sodium Chloride 150 mM

1X Tris-Buffered Saline | 10X TBS 10%

and Tween (TBST)
Tweerf 20 0.1%

Table 2.15 Western blot buffers prepared in-house.Reagent concentrations required to
prepare western blotting buffers including; 4X sample buffer, 5X ngnniiffer, 10X transfer
buffer, 10X TBS and 1X TBST.

2.11.1Polyacrylamide gel (PAGE)preparation

PAGE gels used to carry out the western blotting presented in the current research
were hanecast. Glass plates were cleaned with methanol to remove any residue
acrylamide from previous use. A rubber gasket was positioned around the rased edg
of the shorter plate, after which the spacer plate was lowered on top. The plates and
gasket were held together by a set of clamps.

PAGE gels consist of a stacking gel and resolving gel. The percentage of acrylamide
in the resolving gel determines thate of protein migration and degree of protein
separation. Low molecular weight proteins require high percentage gels for sufficient

resolution, whereas higher molecular weight proteins are best resolved on lower
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percentage gels. Therefore, the percentagacrylamide in the resolving gel was
chosen based on the protein of interests:
The proteins investigated over the course of this research required the use of 8 % and
10 % resolving gels, whose components andlireed in Table 2.17. The
polymerisation initiator, ammonium persulfate (APS), was made fresh on the day of
gel preparation to ensure its best performance. APS and tetramethylethylenediamine
(TEMED), the polymerisation catalyst, were added to the gelimmxediately prior

to pouring the gel since polymerisation begins once they are added. Resolving gel
(5.6ml) was poured between the plates. A thin layer -pfapanol was added
immediately after pouring the gel to expel any bubbles, creating a sharp divider
between the resolving and the subsequent stacking gel. Once the resolving gel set, the
2-propanol was drained off before adding the stacking gel. Regardless of protein
molecular weight, the stacking gel always consisted of 5 % polyacrylamide. The
componets of the stacking gel are outlined in Table 2.18. Stacking gel (3 ml) was
pipetted onto the polymerised resolving gel. The comb, required to form sample wells,
was inserted into the poured stacking gel immediately. The gel was left to set at room
temperatre, after which the plates were wrapped in wet tissue paper to keep the gels

hydrated and stored at 4 °C overnight.

. Protein Size _
% Acrylamide Gel (kDa) Proteins Run
a

20 4-40 N/A

15 12-45 N/A

125 10-70 N/A

10 15100 MAPK and NF[B proteins
8 25-200 NOD1 and NOD2

Table 2.16: Choosing an appropriate resolving PAGE gelThe percentage (%) PAGE gel
handcast (820%) for running samples was chosen based on the molecular weight of the
protein of interest (200 kDa).
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8 % Resolving Gel

10% Resolving Gel

Components
(ml per gel) (ml per gel)
30% Acrylamide 2.13 3.33
1.5M Tris-HCL (pH = 8.8) 2.00 2.50
10% Sodium dodecyl sulfate 0.08 0.00
20% Sodium dodecyl sulfate 0.00 0.05
Deionised HO 3.70 4.05
10% Ammonium persulfate 0.08 0.10
TEMED 0.008 0.005

Table 2.17 Components of the 8% and 10% resolving gel&/olumes of acrylamide,

1.5M TrisHCL, 10/20% sodium dodecyl sulfate, deionised H20, ammonium persulfate and

TEMED required to cast either an 8 or 10% resolving gel.

Components 5 % Stacking Gel (ml per gel)
1 M Tris-HCL (pH = 6.8) 1.250
20% Sodium dodecyl sulfate 0.025
Deionised HO 2.845
10% Ammonium persulfate 0.050
TEMED 0.005

Table 2.18 Components of the 5 % stacking geMolumes of acrylamide, 1M TrBICL,

20% sodium dodecyl sulfate, deionised H20, ammonium persulfate and TEMED required to

cast the 5% stacking gel used in every heast PAGE gel.

2.11.2Gel electrophoresis

Normalised protein samples to be analysed were thangglaced on ice. An aliquot

of 4X sample buffer

(Tabl e

2.15) was thawed

2-mercaptoethanol (Sigma Aldrich, M3148) in a fume hood. The prepared sample

buffer was vortexed and

5

eséd protairssamppiep et t e d

It was essential to vortex the sample buffer at regular intervals to ensure the glycerol

was evenly distributed, thereby guaranteeing each sample would contain sufficient

glycerol to support efficient loading into acrylamide gel weHstein samples with
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sample buffer added were placed on a heating block, set at 95 °C, for seven minutes
to denature proteins. After the denaturation, samples were centrifuged at 1400 rpm for
30 seconds to return any sample that had condensed on theappdfsides during
denaturation to the base of the tube.
al ongsi de 5 ¢l estained praendatder¢i@ORMBiotechr®logy,
92860000). Gels were run through the stacking gel at 80 volts. Oncsathples
reached the top of the resolving gel, the voltage was increased to 120 volts until the
dye front had run to the end of the gel.

2.11.3Transfer of proteins onto nitrocellulose membrane

Wet transfer was carried out over the course of this researchf@rapenges, filter

paper and nitrocellulose membrane were soaked in prepared 1X transfer buffer. The
transfer cassettes were opened, and a single sponge was placed on the black side of
the cassette. A single layer of ggeaked filter paper was placed thie sponge, after

which the gel that had undergone electrophoresis was released from the plates and
carefully slid onto the filter paper. The pseaked nitrocellulose membrane was
placed on top of the gel and was subsequently rolled with a suppliedoalissociate

any bubbles that may have been trapped between layers and potentially impede the
transfer. An additional layer of wet filter paper was placed over the membrane,
followed by another round of light rolling. Finally, another sponge was platieeon

filter paper, after which the cassette was closed and placed in the transfer tank,
ensuring to face cassette sides-teeded and blacko-black. The transfer tank was
connected to a power supply and run at 70 volts for 1 hour and 45 minutes. Once
conplete the membrane was lifted off the gel and transferred into a plastic box, with
the side that was in direct contact with the gel facing upwards. The membrane was
stained with Ponceau stain (Sigma Aldrich, P7170), as in Figure 2.6, to check that the
transfer was successfully and that samples had been evenly loaded. The membrane
was washed once with 1X TBS for five minutes to remove the stain, leaving the

membrane ready for blocking.
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Figure 2.6: Ponceau stain of

nitrocellulose membrane after
- W transfer. The ponceau stain
binds to and temporarily stains
proteins transferred onto the
nitrocellulose membrane,
allowing for confirmation of
transfer and equal loading

across wells.

2.11.4Blocking membrane

The membrane was blocked with one of three blocking buffers; 5 % milk, 5 % BSA
or Odysse§ TBS Blocking Buffer (LFCOR, P/N 92750000). This choice was
dependant on the protein to be investigated, as outlined in Table 2.19. The membrane

was left b block at room temperature for one hour.

Blocking Buffer Protein of Interest

NOD1
NOD2
RSK1

A20

i -Actin

5% Milkin 0.1 % TBST

i -Tubulin

5 % Bovine Serum Albumin (BSA) in 0.1 % Total MAPK and NFB
TBST proteins
Phosphorylated MAPK an

Odysse§ (TBS) Blocking Buffer (readyo-use) _
NF-r B proteins

Table 2.19: Choosing a blocking agentThe blocking agents used over the course of this
research included; 5% Milk, 5% BSA or Odys&é&yBS blocking buffer. The appropriate
blocking buffer was chosen based on the protein being investigated.
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2.11.5Primary Antibody Preparation and Incubation.

Primary antibodies, outlined in Table 2.20, were made up in same solution that the
membrane was blockad. Once blocking was complete, the blocking solution was
discarded, and the prepared primary antibody was poured onto the membrane and
incubated overnight on an orbital shaker 4€4 Once the incubation was complete,

the primary antibody was removed daihe membrane was washed with 0.1 % TBST

to remove excess antibody. The washing procedure involved pouring ~10 ml of 0.1 %
TBST onto the membrane and placing it on a rocker forrfieutes, after which the

TBST was discarded and the process was rep#ategl more times.

Primary Antibody Dilution Diluent

5% Milk in 0.1% TBST
NOD2 1:500 5% Milk in 0.1% TBST
RSK1 1:1000 5% Milk in 0.1% TBST
A20 1:1000 5% Milk in 0.1% TBST
p-RIP2 1:1000 Odysse§ (TBS) Blocking Buffer
p-p38 1:1000 Odysse§ (TBS) Blocking Buffer
p-ERK1/2 1:1000 Odysse§ (TBS) Blocking Buffer
p-p65 1:1000 Odysse§ (TBS) Blocking Buffer
p-l @ BU 1:1000 Odysse{ (TBS) Blocking Buffer
Total RIP2 1:1000 5% BSA in 0.1% TBST
Total p38 1:1000 5% BSA in 0.1% TBST
Total ERK1/2 1:1000 5% BSA in 0.1% TBST
Total p65 1:1000 5% BSA in 0.1% TBST
Tot al | @B 1:1000 5% BSA in 0.1% TBST
b-Actin 1:10000 5% Milk in 0.1% TBST
b-Tubulin 1:1000 5% Milk in 0.1% TBST

Table 2.20 Primary antibody preparation. Primary antibodies were made up to their

suggested dilution using a diluent that matched the blocking agent for the membrane.
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2.11.6Secondary AntibodyPreparation and Incubation.

Two secondary antibodies were used over the course of this research; IRDye 800CW
Goat antiRabbit (LFCOR,926-32211)and IRDye 680LT Goat aniouse (LICOR,
926:68020. The choice of which secondary antibody to use was made based on the
primary antibody source, as outlined in Table 2Mtnoclonal antibodies raised in
rabbits(phoghorylated/total MAPK/NFe Bproteins, NOD1, RSK1 and A20) were
detected using the goat angibbit secondary antibody, which fluoresces green at 800
nm. Monoclonal anti bodi-fct FTmbulim@EdNADE) mi ce ( To
were detected using tlgpat antimouse secondary antibody, which fluoresces red at
680 nm.Thesecondary antibodies were diluttd 0000, in the samagentchosen for
blocking and primary antibody incubatiomhe prepared secondary antibody was
poured onto the membrane and akalrto incubate at room temperature, and out of
direct sunlight, for one hour. Once the incubation was complete, the secondary
antibody was poured away, and the membrane was washed with 0.1 % TBST to
remove excess antibody. The washing procedure involvedngo~10 ml of 0.1 %

TBST onto the membrane and placing it on a rocker forrugutes, while keeping

it out of direct sunlight, after which the TBST was discarded and the process was
repeated three more times.
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Primary Antibody Primary Secondary Antibody for

Origin Antibody Detection
p-RIP2
p-p38
p-ERK
p-p65
p-1¢Bh
Total RIP2 Goat antiRabbit

Rabbit

Total p38 (800 nm, Green Channel)
Total ERK
Total p65
NOD1
RSK1
A20

Total IFBh

i -Actin Goat aniMouse
Mouse

i -Tubulin (680 nm, Red Channel)

NOD2

Table 2.21: Choosing the appropriate secondary antibody to detect the primary
antibody. Monoclonal antibodies raised in rabbits (phosphorylated/total MAPK(NF
proteins, NOD1, RSK1 and A20) or mice (TotgBIU ,-A cbt i-Tiubulin and NOD2) were
detected using either goat ardbbit (fluoresces green at 800 nm) or goat-amtiise
(fluoresce red at 680 nm) secondary antibodies, respectively.
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2.11.7Imaging western blot.
Western blots were imaged using the Ody8s€g Imaging System (ECOR

Biotechnology, Cambridge, UK). Fluorescent secondary antibodies were excited at
different wavelengths, with the goat ardbbit antibody fluorescing green at 800 nm
and the goat antnouse fluorescing red at 680 nm. The output from this system
consisted of protein bands that could be analysed in Image Stuidéosoftware by
densibmetry, as depicted in Figure 2.7. The protein expression was quantified relative
to that of the housekeeping gene or total protein, to account for any differences in
loading that could otherwise skew the data. Fold changestiein relative expression
werecalculated relative to the control group. This fold change data was plotted, and
statistical analysis was carried out to identify any significance between treatment

groups.

Content/Removed Due to.Copyright

Figure 2.7: Imaging western blots and quantifying protein expressionVesten blots were
imaged using the Odyssekc Imaging System and densitometry was carried out using Image
Studid® Lite software.
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2.12Enzyme-Linked Immunosorbent Assay (H.ISA)

Human po-inflammatory cytokingelease was quantified by ELISA.

2.12.1Human TNF-h and IL-6 ELISA

Human TNFh release was analysed using Human TNF alpha ELISA R8&dy

Go!® kit (eBiosciences, 83346),according to the manuf act
Human IL-6 release was analysed using Humas6 IELISA ReadySET-Go!® kit
(eBiosciences,87066),accor ding to the maAluehgerdst ur er 6
required to carry out the ELISA were provided in the kit, apart from the wash buffer

(X PBS with 0.05 % TBST) and stop solution (2NS&) which were madep

before commencingNunc Maxsorg® ELISA plates (Sigma Aldrich,) were coated

with 100 ¢l / well of capture daheplatcowmsly pr e
sealed and allowed to incubate overnight aiC4 The following day, wells were
aspirated and was hedel ofhwash duffar. iTmeepkate waist h 3 (
blotted on absorbent paper to remove residual wash bWffgts were blocked with

1X ELI SA/ELI SPOT diluent (200 el /well) a
which the plate was aspirated and blotted to remove reditient. The lyophilized

standard was reconstituted using deionised water and allowed to sit for 15 minutes

with gentle agitation prior to further dilution. Reconstituted standard (15 ng/ml) was
diluted (1/30) with 1X ELISA/ELISPOT diluent to give the tsfandard (200 pg/ml).

A sevenpoint standard curve was prepared usingfwd serial dilutions with reagent

diluent, as in Figure 2.&tandards and cell culture supernatant samples were pipetted
intowells( 1 0 0 ¢ | duplicaté. Twd wellsrof 1X ELISVELISPOT diluent were

included to serve abe plate blankThe plate was covered with an adhesive strip and

allowed to incubate at room temperature for two hotslls were aspirated/washed

as beforeDetection antibody, prepared in 1X ELISA/ELISPOTueiht, was added to

each wel | Théfae waslcdveves Wwith)a new adhesive strip and allowed

to incubate at room temperature for one hour. Wells were aspirated/washed as before.
Avidin-HRP was diluted (1/250) with 1X ELISA/ELISPOT diluent angetted into

each well (100 el / well ). The plate was s
tinfoil and allowed to incubate at room temperature for 30 minutes. Wells were
aspirated and washed five times worth 300

two minutes prior to aspiration. A subs:
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Tetramethylbenzidine (TMB) liquid substrate system (Sigma Aldrich, T0440), was

added to each well (100 ¢l /well). The plate
with tinfoil and allowed to develop at room temperature for 20 minutes. Once a soluble

blue reaction product develops, the HRMB reaction was stopped with 2Ns&Oy

(50 ¢l /well), forming a yellow reaction prod
measued using a microplate reader set to 450 nm and 570nm, with the latter ODs

acting as wavelength correction values. Subtraction of 570 nm from 450 nm OD values

corrects for optical imperfections in the plate.stndard curvevas constructed of

TNF-U o046 stdndards vs OD values, from which unknown cell culture supernatant

TNF-U 0 46 cohckentration could be interpolated using the spline fit method.

2.12.2Human IL -8 ELISA

Human IL-8 release was analysed using Humar6ICXCL8 DuoSet ELISA kit

(R&D systems, DY208)accor ding to the maAlledgentst ur er 6s i
required to carry out the ELISA were provided in the kit, apart from the wash buffer

(1X PBS with 0.05 % TBST), bl ock solution (
PBS), reagentiluent (0.1% BSA, 0.05% Tween 20, in Fhsffered saline [20 mM,
150 mM NacCl ], pH 7.2, 0. 2 &Py Whichweser ed) and

madeup before commencingNunc Maxisorfi ELISA plates (Sigma Aldrich, USA)

were coated wipthurldd Oaretli/wedy (4 e«@/ ml ) prepar
The plate was sealed and allowed to incubate overnight at room temperTatire.

foll owing day, wells were aspirated and wash
buffer. The plate was blotted on aldsemnt paper to remove residual wash buiféells

were blocked with blocking buffer (300 ¢l / w
after which the plate was aspirated and blotted to remove residue dillrent.

recombinant human KB standard was reconstiéd using 0.5 ml of deionised water.

Reconstituted standard (80 ng/ml) was diluted (1/40) with reagent diluent to give the

top standard (2000 pg/mB. sevenpoint standard curve was prepared using-twad

serial dilutions with reagent diluent, as in Figw2.8. Standards and cell culture
supernatant samples were pipeiwowalsof nt o wel |l s
reagent diluent were included to serve as the plate blank. The plate was covered with

an adhesive strip and allowed to incubate ahréemperature for two hours. Wells

were aspirated/ washed as before. Detection a

di luent, was added into each well (100 el / w
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adhesive strip and allowed to incubate at room tenyoerdor 2 hours. Wells were
aspirated/washed as before. Streptavitirseradish peroxidase (HRP) stock was
diluted (1/40) with reagent diluent and j
was sealed with the adhesive strip, covered with tinfod allowed to incubate at

room temperature for 20 minutes. Wells were aspirated/washed as before. A substrate
for hor ser adi s h-Tgramethyloendidine €TMB) 8qui@ Substate5 6
system (Sigma Aldrich, TO0440)Theplmewasadded
sealed with the adhesive strip, covered with tinfoil and allowed to develop at room
temperature for 20 minutes. Once a soluble blue reaction product develops, the HRP
TMB reaction was stopped with 2Ns&85Qs ( 50 €| / wel | ) , reattiomr mi ng
product. Optical density (OD) of each well was measured using a microplate reader

set to 450 nm and 570nm. OD values at 570 nm were subtracted from 450 nm OD
values. Astandard curvevas constructed of H8 standards vs OD values, from which
unknown cell culture supernatant 48 concentration could be interpolated using the

spline fit method.

Content/Removed Due to Copyright

Figure 2.8: Preparation of standards for ELISAs. A sevenpoint standard curve was
prepared for each ELISA from the reconstituted standard usfiotd Zerial dilutions in

reagent diluent.

2.13Flow cytometry

Flow cytometry wasonly used to confirm THRL differentiation following PMA
treatment. Cell dengit of each treatment group was determinesing the

haemocytometer methoday described in section ).3Cells were dilutedand
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transferred into a-bottom plate at 100,000 cells/well. The plate was spun at 400 g for

five minutes, to pellet the cells in thenicallyshaped well bottoms. The supernatants

were discarded from each well. The cells were fixed by adding paraformaldehyde
(PFA) (2%) to each well ( 010 mitufesv@ellsl ) and | e
were washed with flow cytometry FACSasting buffer (0.5% bovine serum albumin

or 5% fetal bovine serum, O0.1% sodium azide
plate was spun at 400 g for four minutes and supernatants were discarded. Cells were
resuspended in the CD16/CD14 antibodies anuwaii to incubate at # for 10

minutes. Cells were washed with FACS buffer (100 ul/well), spun at 400 g and the
supernatants were discarded. This was repeated two additional times, after which

pell eted cells were resuspeanfareddtoflom 150 ¢l
cytometry tubes. Prepared samples were run on the BD FACS Canto Il Multicolour

flow cytometry (BD Biosciences, Wisconsin, USA). Data generated was analysed

using FlowJo flow cytometry software (FlowJo LLC, Oregon, USA). Cell forward

scatterarea (FSEA) versus side scatter area (SBLgraphs were generated by the

software. Norviable cells or doublets can skew fluorescence analysis; therefore,

gating is required to ensure these are omitted. Cells were first gated to ensure only

healthy cels were analysed for CD16 expression. Cells were further gated, whereby

cell forward scatter height (FS) was graphed versus forward scatter area {REC

to ensure only a population of true single cells were considered for CD16 analysis.
Fluorescence iensity from the gated cells was recorded and a representative

histogram was generated.

2.14Bioinformatic analysis

NOD1 and NOD2 sequence alignment was investigated using the Clustal Omega
multiple sequence alignment computer programme (ENEBIL, Cambridgesine,

UK) to establish the percentage of homology between the two gene sequences. The
NOD1 and NOD2 gene content was investigated using the UCSC Genome Browser
(University of California Santa Cruz, Calfornia, USA) and GeneCagtdtware
(Weizmann Institutef Science, Israel). These two computer programmes allowed us
to identify the length and the exact chromosomal location of each gene and the
positions of the single nucleotide polymorphisms (SNPs) associated with each gene.
The CpG dinucleotide contentrfboth NOD1 and NOD2 were investigated by the
EMBOSS Newcpgreport computer software (EMBBI, Cambridgeshire, UK), to
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establish whether these genes have CpG dinucleotide clusters that can be classified as
CpG Islands. The three criteria that each clusigst satisfy to be clasd as an official
CpG Island are outlined in Table 2.22.

Characteristic Criteria

GC Content O 50%
Length of Segment > 200base pairs
Observed Expected > 0.6

Table 2.22 Criteria required for a CpG dinucleotide cluster to be classed as a CpG
Island. For a CpG segment to be classified as a CpG Island it must meet three criteria; GC
content of greater than or equal to 50%, Length of greater than 200 base pairs andfa ratio

observed to expected number of CpG dinucleotides to exceed 0.6.

2.15Data Interpretation and Statistical Analysis

Statistical analysis was carried out on data using the Statistics Package for the Social
Sciences (SBS) software (SPSS Statisticg.23raphcal representations of data were
generated using GraphPad Prissoftware. Data was tested for normality by Shapiro

Wil ks test. Parametric data were expres
parametric data included independertedts, onavay ANOVAs and twoeway

ANOVAs. The number of treatment groups and independent variables determined the
appropriate statistical test to carry out. Independéggts were used to compare data

across two independent groups, with one varying factor. This amalgsi carried out

when investigating if epigenetic treatment altered mRNA/protein expression levels.
Oneway ANOVAs were used to compare data across more than two groups with one
varying factor, with any signi fposthacce bei
test. This analysis was carried out on time response data for MARPKBNF
phosphorylation. Twavay ANOVAs were used to compare data sets with two
independent variables, with any significance being further investigated by Bonferroni

post hodest.This analysis was carried out to investigate significance within data sets

of cells that received epigenetic treatment and NQDreceptor stimulation.

Statistical significance wagcognised gb < 0.05.
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Chapter 3 Analysis of NOD1 activity, signalling and expression in

the HCT116 intestinal cell line, following epigenetic modification.

3.1Introduction

The NOD1 receptor is a ubiquitously expressed intracellular receptor that will
recognise all Grammegative bacteria (e.g. helicobacter pylori, enteroinvasive E.coli
and shigella flexneri) and some Grgoositive bacteria (e.g. Listeria monocytogenes),
asreviewed in(Moreira and Zamboni, 2012)Vithin these bacteria, NOD1 recognises
the dipeptideddhHlutamyAnesodiaminopimelic acidiE-DAP), and to a greater
extent the tripeptide; dAla-obhZylutamydnesodiaminopimelic acid TRI-DAP)
(Girardin et al., 2003Activation of this receptor triggers pioflammatory signalling

via RIP2, MAPK((including ERK1/2 an®38)andNF-s B i ncl udi ng | aBU and
signalling. This signalling cascade leads to the activation and translocation of
transcription factors (AR and NF-a B which promote the expression of pro
inflammatory mediators including cytokines (e.g. FNRnd IL-6) and chemokines

(e.g. IL-8) (Feerick and McKernan, 2017)

Increased NOD1 expression has been linked to chronic inflammatory disorders
including; ulerative colitis(Verma et al., 2013Yheumatoid arthritigYokota et al.,
2012) allergic rhinitis(Hu et al., 2013)atherosclerosi&anno et al., 2015)netabolic
syndromeg(Zhou et al., 20153nd gestational diabet@sappas, 2014)as reviewed in
(Feeick and McKernan, 2017)However, the mechanism underlying regulation of
NOD1 expression has yet to be elucidated.

HCT116 cells were chosen as the experimental model to investigate NOD1 regulation
since intestinal epithelial cells express NOD1, are sumded by trillions of bacteria

in the gut and are involved in inflammatory bowel disgase et al., 2012)NOD1
activity, signalling and express was measured after pharmacological inhibition of
DNMT1 or genetic knockout obNMT3b. DNMT1 was pharmacogpcally inhibited

by treatment with known demethylating agentAZacytidine (5Aza) or 5Aza-2-
deoxycytidine (8Aza-dC). Effects of DNMT3b genetic knockout was investigated
using HCT118>" cells,generated in the Vogelstein lab by homologous recomnibimat
(Rhee et al., 2002)To investigate if histone acetylation alters NGiDduced

responses, NOD1 activity, signalling and expression levels was measured after
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treatment with a pahistone deacetylase inhibitor; suberoylanilide hydroxamic acid
(SAHA).

In this chapter it was hypothesised that NOD1 receptor activity and expression are
regulated, in HCT116 intestinal epithelial cells, by epigenetic modifications.

3.2Methods

The methods used in this chapter did not differ in any way from those outlined in

chapte 2.

3.3Experimental Design

These experiments were designed to investigate if reduced DNA methylation or
enhanced histone acetylation patterns altered NOD1 receptor activity, signalling and
expression. HCT116 cells were primed with epigenetic modifyingitagenat are

known to disrupt either DNA methylation-@&za/5Aza-Dc/DNMT3b-/-) or histone
acetylation (SAHA). NOD1 prinflammatory activity, signalling and basal
expression was investigated in these primed cells, relative to untreated cells. NOD1
pro-inflammatory activity was analysed by stimulating the primed cells with a NOD1

ligand for 6/18hours, after which pioflammatory cytokine (TNFO an-68) | L
expression and chemokine {8) release were quantified by qPCR and ELISA,
respectively. NOD1 prinflammatory signalling was investigated by measuring

RIP2, MAPKandNFe B protein phosphorylation afte
cells with NOD1 ligands for 1/3 hours, via western blotting. NOD1 basal expression

was quantified in primed vs untreated celltha mMRNA and protein levels by g°PCR

and western blotting, respectively. All experiments were carried out with at least three

i ndependent bi ol o#8noceaiew of taepekperenartabdesiggia O 3
presented in Figure 3.1, with a more detabegbakdown outlineih the experimental

design index (Table 3.1).
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Experimental HCT116 Intestinal Epithelial Cell Line
Model

A DNMT3b knockout (DNMT3b--)

A HDAC Inhibitor (SAHA)

; . A Demethylating A Aza /| 5Aza-
Epigenetic emethylating Agents(5-Aza / 5-Aza-dC)
Alterations

-

A 18 hrs iE-DAP/TRI-DAP
A 3hrs iE-DAP/1hr TRI-DAP
A No Stimulation

NOD 1
Stimulation

[A 6 hrs iE-DAP/TRI-DAP

-

-

Analyte Method

: IL -8 Release ELISA
Analysis
NOD 1 gPCR and'Westem
Blotting

€ 4

Figure 3.1. Chapter 3 Experimental DesignOutline of epigenetic treatments, NOD 1

stimulation and analysis.
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Table 3.1: Chapter 3 Experimental Design Index.Breakdown of treatments, analytes and analysis methods for investigating NOD1 activity,

signalling and expression in HCT116 intestinal epithelial cell line.

Figure Number 3. 2 4 6 8 JEN 2o RN 12 EEY 14 Y 16 Y 18 XY 20 JER

Epigenetic Modification

5-Aza

5-Aza-Dc

R

SAHA | - - -

NOD1 Stimulation

e B - -

Pro-inflammatory cytokines
TNF- U
IL-6

I8 [

Phosphorylated signalling proteins

MAPK proteins
NF-aB proteins

Receptors/Enzymes
NOD1 [ ] ]
DNMT1
DNMT3B-/-
CDK2NA

Treatments

Analyte

gPCR
ELISA

Western blotting - - - - - -

Analysis
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3.4Results

3.4.1DNMT1 inhibitor priming increases NOD1-induced pro-inflammatory

activity.

To determine if disruption of DNA methylation patterns alter how HCT116 intestinal
epithelial cells respond to NOD1 stimulation, cells were treated with a known
demethylating agent prior to NOD1 stimulation. HCT116 cells were treated with a
DNA met hyl tr ansf er-Az@tdite (3Apahdr 50D tM8Az& 5 e M 5
2 @leoxycytidine (5Aza-dC),for 72 hours. Following exposure to one of these known
demethylatingagents, cells were stimulated with a NODL1 ligahdd ¢ g-DAflor i E
TRI-DAP, for an additional 6 or 18 hours. The effects of these treatments -on pro
inflammatory responses to NOD1 stimulation were investigated by quantifying pro
inflammatory cytokine/chmokine expression and release by gPCR and ELISA,
respectivelyThe HAUNntreated + Noneo treat-ment gr ouy
inflammatory cytokine/chemokine expression or release was calculated relative to this
control.

TNF-U a n-8 mRNK expression as significatly increased in #za primed
HCT116 cells (Figure 3.2 ). TNF-Uexpression increased #@ld (p < 0.05) and
2.1-fold (p < 0.05) following 6 hours of NOD1 stimulation with eitherEAP or TRF

DAP, respectively. Priming HCT116 cells with&za augmented these responses to
NOD1 stimulation. Relative to the untreated control group, priming witkedb
exacerbated #DAP-induced TNFU f r ofofd td 2.7%ld (p < 0.001, relative to
untreated + iEDAP) and TNFU i n d u ¢ t -DAPnfronb 3;1folfl B 13.5fold (p

< 0.001, relative to untreated + FRIAP), as outlined in Figure 3.2 A. NOBdduced

IL-6 in untreated and-Bza primed cells exhibited a similar expression pattern to
TNF-U. Stimulation with iEDAP or TREDAP alone, increasetl. -6 prodution by
2.3fold (p < 0.001) and 26old (p < 0.001), respectively. Relative to the untreated
control group, priming with #\za increased TRDAP-induced IL-:6 from 2.6fold to
4.2-fold (p < 0.001, relative to untreated + TBAP), as depicted in FigureZBB. The
priming effectof 5-Azawas exacerbated BAza-dC primed cellgFigure 3.2 CD).
Stimulation with TRIDAP for 6 hours increaseENF-UmRNA expression 16-fld
(p<0.001). This response was further augmented when cells had been primed with 5

Aza-Dc. Relative to the untreated control group, priming withzZa-dC increased
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TRI-DAP-induced TNFU f r o-fold tb 60.6®ld (p < 0.001, relative to untreated
+ TRI-DAP), as exhibited in Figure 3.2 C. Ba3alF-Uwas directly increased 10.7
fold by 5AzadC. Relative k6 mMRNA expression was increased-fold (p < 0.001)
and 12.3fold (p < 0.001) in HCT116 cells stimulated for 6 hours witHDEP or TR}
DAP, respectively. Unlike TNE), b a6seapressiorLwas not significantly altered
by 5AzadC. Rdative to the untreated control group, priming withABa-dC
exacerbated HDAP-induced IL-6 from 9.7fold to 13.3fold (p < 0.001, relative to
untreated + iIEDAP) and TRIDAP-induced I-:6 from 12.3fold to 20.6fold (p <
0.001, relative to untreated + TRIAP), as elucidated in Figure 3.2 D.

Since response patterns of HCT116 cells-#&z8& were also observed with&za-dC,
but to a higher magnitude, the remaining demethylation studies of this chapter
examined only the effects ofAza-dC priming.

TNF-U ndhIL-6 protein release from HCT116 cells was undetectable. Therefore, IL

8 release from HCT116 cells was investigated. Time and dose response was
investigated to identify an appropriate ligand concentration and stimulation duration
(Appendix3). Based otthis analysis, HCT116 cells were chosen to be stimulated with
10 ¢ g-DARor TRIBDAP for 18 hours. Basal HCT116-R release (279.7 £ 10.2
pg/ml) increased in response to NOD1 stimulation (Figure 3.3). Stimulation with iE
DAP for 18 hours slightly ineased IL8 release (321.2 + 3.8 pg/ml), which was not
significant (p > 0.05) However, TRIDAP significantly enhanced B release to
1397.35 + 40.9 pg/mp(< 0.001). In support of the gPCRNF-U  a n-@idat4, LI-8
release in response to NOD1 stimulatimas exacerbated in-Aza-dC primed
HCT116 cells. Relative to the untreated control group, priming witke&dC
increased iIEDAP-induced IL-8 release from 321.2 £ 3.8 pg/ml to 392.8 + 5.1 pg/ml

(p <0.001, relative to untreated +EAP) and TRIDAP stimuated IL-8 release from
1397.35 = 40.9 pg/ml to 2845.9 + 37.7 pg/ml (p < 0.001, relative to untreated-+ TRI
DAP), as elucidated in Figure 3.3. These data, alongside the gPCR findings, suggest
that priming with a known demethylating agent enhances respionS€D1 ligands.
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Figure 3.2: NODZX-induced pro-inflammatory cytokine expression in 5Aza or 5-Aza-dC
primed HCT116 cells.A-B) TNF-U
pri med wiAzahfor B2 heul aril subsequently stimulated withCD1 ligand (10
e g / mDAPITE-DAP) for 6 hours. €) TNF-U
HCT116 cells primed with 500 nM-Aza-dC for 72 hours and subsequently stimulated with
a NOD1 | i ganDAP[TRI-DAPY/ b r tA&in d&ctediathe housbkeeping

geneiuUnt reated + t he

a n-6l mMRNA relative expression in HCT116 cells

a n-6l mRINA relative expression in

Noned was set as control
expression iS.E.M. Statistich analysis was performed usingd-way ANOVAs, followed
by Bonferroniposthoctest where appropriate.p < 0.05 representingontrol vs NODJ, #p

< 0.05 representingpntrol vs primed, + p < 0.05 representingOD1 vs (primed + NOD1).
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Figure 3.3: NODZXinduced pro-inflammatory IL -8 release from 5Aza-dC primed

HCT116 cells.IL-8 release (pg/ml) from HCT11&Mks primed with 500 nM#\za-dC for 72

hours was recorded foll owi ngDARTRPDAP ot i8mul at i
hoursiUntreated + NoneoO was set angeanébkotute cont r o
concentratiort S.E.M. Statistichanalysis waperformed usingto-way ANOVAs, followed

by Bonferroniposthoctest where appropriaté.p < 0.05 representingontrol vs NODJ, #p

< 0.05 representingontrol vs primed, + p < 0.05 representingOD1 vs (primed + NOD1).
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3.4.2DNMT1 inhibitor priming increases NODZ%induced pro-inflammatory
RIP2 and MAPK signalling.

Since it was found that treatment with known demethylating agent increased pro
inflammatory cytokine/chemokine expression/release, the effects of these agents on
pro-inflammatory sigalling, which leads to cytokine/chemokine productiovas
investigated nextNOD1 activation initiates a cascade of phosphorylation, involving
RIP2, MAPKandNFe B pr ot ei ns .NODLinduced phespsorylationiob n |,
RIP2 and MAPK proteins was instigated in 8Aza-dC pimed HCT116 cells (Figure

3.4 and Figure 3)5Phosphorylation time responses were carried out to select the most
appropriate NOD1 stimulation duratioAgpendix 5. Based on this investigation, it
was decided thatlls should be shulated withiE-DAP for three hours an@RI-DAP

for one hour.Phosphorylation of the NOD1 adapter protein (RIP2) amlPK
signalling proteins (ERK and p38) was investigated by western blot analysis. Blots
were repeated for three independent experimavit, representative blots shown
Protein expression was quantified bgnditometryof phosphorylated, total and
housekeeping proteinBhosphorylated protein expression was normalised relative to
their total proteins, and subsequently calculated relatitiestuntreated control group.
Analysis revealed thatiswulation with iEDAP aloneincreased RIP2 phosphorylation
1.6-fold (p < 0.001) having little effect on the MAPKs (ERK1/2 and p38). Primed
cells however had enhanced responsés-idAP stimulation Figure 3.4). Relative to

the untreated control group, priming witbAZa-Dc exacerbated HDAP-induced p

RIP2 from 1.6fold to 2.2fold (p < 0.001, relative to untreated +IEAP), pERK2

from 1.2 to 1.#old (p < 0.01, relative to untreated +-IBAP), andp-p38 from fold

to 1.3fold (p < 0.05, relative to untreated +-[BAP). Stimulation with TRIDAP
alone significantly increased phosphorylation of RIP2 {f2i8, p < 0.001), ERK (2.3
-fold, p < 0.05) and p38 (1-fbld, p < 0.001) (Figure 3.5). As diseered with the
other NOD1 ligand, TRDAP responses were enhanced byAZa-dC priming.
Relative to the untreated control group, priming witAZa-Dc augmented TRDAP-
induced pRIP2 from 2.8fold to 6.1fold (p < 0.001, relative to untreated + TBRAP),
p-ERK2 from 2.3fold to 4.4fold (p < 0.001, relative to untreated + FRAP), and
p-p38 from 1.4fold to 1.7fold (p < 0.01, relative to untreated + FRAP) (Figure

3.5). Together, these findings suggest thatAz&dC priming attenuates
phosphorylation oRIP2 and MAPK proteins in response to NOD1 activation, thereby
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implying that treatment with a known demethylating agent supports additionral pro

inflammatory responses to NOD1 ligands.

A.
500 M 5-Aza-dC - - + +
10 ug/ml iE-DAP = -+ - -
p-RIP2 wse | 61kDa
RIP2| s o e W | 62 kDa
p-ERK1/2 44/42kDa
ERK1/2 44/42kDa
p-p38 - 38 kDa
p38| S s W s | 38 kDa
fadtin] - |
B.
2,
% ’ % o) % v c
41l Hul 5 LR

Untreated 500nM 5-Aza-dC Untreated 500nM 5-Aza-dC ) Untreated 500nM 5-Aza-dC

Figure 3.4: IE-DAP-induced RIP2 and MAPK signalling in 5Aza-dC primed HCT116

cells. (A) Immunoblots of phosphorylated and total RIP2, ERK1/2 and p38AaasdC

primed cells stimulated withi B AP ( 10 ¢ g/ ml ) -Adtiractedtasithedoadingp o ur s .
control. B) Densitometry of phosphorylated RIP2, ERK1/2 and p38 esipregelative to

total protein expressiom Unt r eat ed + Noneo was set as the
mean relative expression SE.M. and analysed using twway ANOVAs (followed by

B o nf e rposthoctesi)s' p< 0.05 representingontrol vs NOD1, #p < 0.05 representing

control vs priming, + p < 0.05 representingOD1 vs (priming + NOD1).
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Figure 3.5: TRI-DAP-induced RIP2 and MAPK signalling in 5Aza-dC primed HCT116

cells. (A) Immunoblots of phosphorylated and total RIP2, ERK1/2, and p38Aza-dC

primed cells stimulated with TRDAP ( 1 0 ¢ g/ ml JActiri acted agthedoadingur . b

control. B) Densitometry of phosphorylated RIP2, ERK1/2, and p38 expression, relative to

total protein expressioii Unt r eat ed + No n eob Damadssrepreseritedass t he con
mean relative expression SE.M. and analysed using twway ANOVAs (followed by

Bonf e rposthociest)s' p< 0.05 representingontrol vs NOD1, # p < 0.05 representing

control vs priming, + p < 0.05 representingOD1 vs priming + NOD1).
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3.4.3DNMT1 inhibitor priming increases NOD1-induced pro-inflammatory
NFeB signalling.

In addition to MAPK activation, NOD1 prmflammatory signalling requireNF-a B
activation. The phosphorylation cascade triggered by NOD1 stimulation
phosphorylates thé&lF-a Binhibitor; IkBa., liberatingNF-a Bfrom its inhibitory
effects. NF-¥ b is subsequently exposed for phosphorylation / activation.
Phosphorylation of th&lF-a Bsubunit; p65, was investigated in this body of work.
Blots were repeated three independent experimefis-3), with representative blots
shown Protein expression was quantified bgnditometryof phosphorylated, total
and housekeeping proteiné b A c. tPhasphorylated protein expression was
nor mal i sed r el asubseguentlytcalculated celaiiva to the untteated
control group.

Stimulation withiE-DAP alone for six hours was found to increagegb levels by-

fold (p < 0.01)and pl & BY2.6fold (p < 0.001). These responses teDEP were

not augmented by-BzadC priming (Figure 3.6). TRDAP alone significantly
increased phosphorylation of p65 (fdid p > 0.05) and o B1U/-fold, p <0.01). 5
AzadC priming significantly augmented T®RIAP-induced phosphorylation.
Relative to the untreated control group, pngwwith 5Aza-Dc increased TRDAP-
induced pp65 from 1.5fold to 5.2fold (p < 0.001, relative to untreated + FTBAP)

and p| o Bram 1.7fold to 2.2fold (p < 0.01, relative to untreated + FRAP), as
depicted in Figure 3.7. The enhanced&Bsignaling supports the RIP2 and MAPK
data in the previous section. Together, these data suggest that treatment with a

demethylating agent enhances NOD1-mitammatory signalling in HCT116 cells.
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Figure 3.6: IE-DAP-induced NFa B s i g n a-AzZa-dOhpgimed HCTH16 cells.(A)

Il mmunobl ots of phosphoryl ated and t @&zaal p65 and
dC for 72 hours and subsequently stimulated witbIEP ( 10 e g/ ml )-Adtror t hr ee ho
acted as the loading control. (B) Densitometry of phosphy | at ed p65 and | aBU ex
r el at HAdtireexpgressiofiif Unt r eat ed + Noneo was set as the c
as mean relative expressionSiEE.M. and analysed using twway ANOVAs (followed by

B o n f e rposehociesi)s p< 0.05 regpresentingontrol vs NOD1, #p < 0.05 representing

control vs primed, + p < 0.05 representingOD1 vs (primed + NOD1).
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Figure 3.7: TRI-DAP-induced NFa B s i g n aAz&-dCrpgmed HICTHL6 cells.(A)

| mmunobl ots of phosphoryl ated and t@&zaal p65
dC for 72 hours and subsequently stimulated withDR P  ( 1 0 € g/ ml-Actih or one
acted as the loading control. (B) Densitometry of phosphorylated pebanB U e x pr es s i ¢
r el at HAdtireexpressiofii Unt r eat ed + Noneodo was set as th
as mean relative expressionSt£.M. and analysed using twway ANOVAs (followed by

B o nf e rposthoctesi)st p< 0.05 representingpntrol vs NODZ, #p < 0.05 representing

control vs primed, + p < 0.05 representingOD1 vs (primed + NOD1).
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3.4.4ADNMT1 inhibitor priming increases NOD1 basal expression.

Since 5Aza and 5Aza-dC priming was found to increase responses to NOD1 ligands,
the Pllowing question was posedre demethylating agents enhancing responses by
directly altering NOD1 expressionPhis was investigated by quantifying NOD1
expression at the mRNA and protein levels via qPCR and western blot analysis.
Independent-test analgis revealed some significant increases in NOD1 expression
(Figure 3.8). Treatment with-Aza was found to have no effect on NOD1 mRNA
expression, however it did slightly increase NOD1 proteinfdi® p < 0.05) (Figure

3.8 A, C, and E). As expectedAzadC treatment mirrored the effects eAZa but

to a higher magnitude. Treatment wit\3a-dC induced a 2-#old increase in NOD1
MRNA (p < 0.001) and a 1-fld increase in NOD1 protein (p < 0.01) (Figure 3.8 B,
D, and F). This suggests that the demleting agents are increasing NOD1
expression, potentially explaining the augmented-ipilemmatory activity and
signalling recorded ithe earlier experimentation.
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Figure 3.8. NOD1 basal expression following-Bza or 5-Aza-dC treatment. (A-B) NOD1

mMRNAe x pr es si on f-Azhcytidinei(5Azzn) o650CENM BAZa-2 -Gleoxycytidine

(5Azad C) f or 72 h-Adimespressioe. (¥ Densit@metty of NOD1 protein
expression f eAkal oo 500 nvgBAZad € Mf & 7 2 h o tActia , rel a
expression.(F) Representative i mmunoblots of NODI1
5-Azaor500nMBAzad C f or 7 2 h o-Adtirsexpressmi. Bataiiswepreserded b

as meamelative expressiott S.E.M. Statistical analysis was performed using independent t
tests. Significance was recogniseg at0.05, with * representing < 0.05, ** representing

< 0.01 and *** representing < 0.001.
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3.4.5NOD1 gene contains CpG islands

Given that NOD1 expressionas altered by known demethylating agents, it was
proposed that the NOD1 gene could potentially be regulated by DNA methylation. If
a gene is regulated by DNA methylation, it must have CpG islands in its sequence.
Therefore, bioinformatic analysis was cadiout to check for the presence of CpG
islands. NOD1 was found to have two CpG islands in its seq&abk 3.2) thereby
further supporting the hypothesis that NOD1 expression is regulated by DNA

methylation.
GC Content >50% 69.28% 59.18%
Genomic Length > 200 base pairs 664 base pairs 414 base pairs
Obhserved:Expected >0.6 0.87 0.88

Table 3.2. CpG Islands identified in theNOD1 gene sequenceéCpG rich clusters in gene
sequences must pass three main criteria to be
be greater than or equal to 50%, the genomic segment must exceed 200 base pair and the ratio

of observed CpG dinucléde content vs expected CpG dinucleotide content must be greater

than 0.6. Details of the two CpG islands identified in the NOD1 genome sequence are outlined.

Data was generated using the EMBOSS Newcpgreport computer software {ERMIBL
Cambridgeshire, UK
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3.4.6DNMT3b genetic knockout was confirmed in HCT116 DNMT30b" cells.

Up to this point, the effects of pharmacological interruption of DNA methylation
patternson NOD1 activity and expression wasder investigationFocus is now
switched tahe effects of genetic knockout BNMT3b, a DNA methylation enzyme,

on NOD1 activity and expressioidCT116 cellsvith DNMT3b genetically knocked
out (DNMT3b") were generated by théogelstein laRhee et al., 2002)DNMT3b

I cells were tested using qPCR to ensure the knockout had renahigd.3b” cells

had undetectable levels of DNMT3b mRNA, whereas DNMT1 (another DNA
methylation enzyme) levels matched those in syloe cells (Figure 3.9 #). This
confirmed a seleate knockout of DNMT3b. To validate th®tNMT3b” cells had
diminished DNA methylation, the expression of a gene known to be regulated by DNA
methylation; CDK2NA, was measured. CDK2NA mRNA was found to significantly
increase 10-3old (p < 0.001) in DNMT3PE/- cells (Figure3.9C), thereby suggesting
that DNA methylation patterns have been deterioratdNMT3b™" cells relative to

their wild-type counteiparts.
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Figure 3.9. Confirmation of DNMT3b knockout and investigation of functionality.(A-C)
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+ SEE.M. Statistical analysis was performed using independ¢ests. Significane was
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representing < 0.001.
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3.4.7DNMT3b genetic knockout increases NOD1 pranflammatory activity.

DNMT3b knockout influence on NOD1 piioflammatory activity was assessed
through quantification of prmflammatory cytokine/chemokine expression/ release,
relative to wildtype HCT116 cells.

NOD1-induced TNFUand IL-6 mRNA expressiorfollowing 6-hour gimulation with

10 ¢ g / mDAPioE TRIDAP, was compared between witgpe HCT116 and
DNMT3b” cells. Knockout of DNMT3b appeared to increase basal levels ofTNF
4-fold (p < 0.01) and 16 19fold (p < 0.001). In accordance with this basal increase,
DNMT3b’cells were found to be more responsive to NOD1 stimulaRetative to

the wildtype control, the DNMT3b knockout increasedDBP-induced of TNF-U
expression from 1:fold to 7.7#fold (p < 0.01, relative to wildype + iEDAP) and
TRI-DAP-inducedTNF-Uexpression from 2-fold to 11.4fold (p < 0.001, relative to
wild-type + TRIDAP) (Figure 3.10 A).The same effect was recorded for-@L
expression, with DNMT3bcells having a superior responseN®D1 stimulation
(Figure 3.10 B). Relative to theild-type control, the DNMT3b knockout cells
increased levels of HDAP-induced IL-6 expression from 1:fbld to 26fold (p <
0.001, relative to wildype + iEDAP) and TRIDAP-induced IL-6 expression from
2.8fold to 40.8fold (p < 0.001, relative to wiklype + TRIDAP). Since the basal
levels of TNFU and IL-6 are significantly higher in DNMT3tells, it cannot be
deciphered if the knockout is directly increasing NOD1 actiitthis point

As before, TNF-U a n-@l reléase levels were not detectable from HCT116 cells.
Therefore, 1-8 chemokine release was quantified aftethd8r stimulation withl0

e g / iErDAP or TREDAP. BasallL-8 release from wildype cells(182.7 £ 12.1
pg/ml) was increased followig stimulation withiE-DAP (407.4+ 12.8pg/ml, p <
0.05) and TRIDAP (725.% 51.1 pg/ml, p < 0.001). Basal B levels were not
increasedby the genetic knockout. However, the genetic knockout enhanced the
HCT116 cellresponse to TRDAP. IL-8 release ineased from 725.8 £ 51.1 pg/ml
to 1081 = 69.9 pg/ml (p < 0.01, relative to wilghe + TREDAP), as depicted in Figure
3.10 C This data provides support towards NODdluced preinflammatory activity
being enhanced in cells with potentially diminishedhyigttion patterns, once again
linking NOD1 activity to DNA methylation patterns.
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Figure 3.10: NODZtinduced pro-inflammatory cytokine expression in wildtype vs

DNMT3b-/- HCT116 cells.A-B) TNF-U  a n&ImRNA relative expression in DNMT3b

celsstimul at ed wi th a NOEBDAP/TRI-AM)d f(adrO-Aé&ingttedl r s .E b

as the housekeepigne i Wi-tt dpe + Noneo was set as the contro
mean relative expression SE.M. C) IL-8 release from DNMT3W- cells following

stmul ati on with a NODDRAP/TRI-DA®R)nfdr 1§ HoOrs. Bada/ isnl i E
represented asearabsoluteconcentrations S.E.M. Statistichanalysis was performed using

two-way ANOVAs, followed by Bonferronposthoc test where appropriaté. p < 0.05

representingcontrol vs NODJ, # p < 0.05 representingontrol vs DNMT3b”, + p < 0.05

representinglOD1 vs (DNMT3b’ + NOD1).
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3.4.8DNMT3b genetic knockout increases NOD4Induced pro-inflammatory
RIP2 and MAPK signalling.

To build on the increased pmflammatory activity recorded in DNMT3b cells,
NODZ1-associated prmflammatory signalling was examined next in these cells. RIP2
and MAPK (ERK1/2 and p38) phosphorylation, induced by NOD1 ligands, was
measured in these &okout cells relative to their wiltype counterparts. The
stimulation duration required to detect phosphorylation was chosen as before, based
on the wildtype HCT116 preliminary phosphorylation time response analysis
(Appendix 5. Cells were chosen to tsimulatedwith iE-DAP for three hours and
TRI-DAP for one hour. Phosphorylation of the NOD1 adapter protein (RIP2) and
MAPK signalling proteins (ERK1/2 and p38) was investigated by western blot
analysis. Blots were repeatad three independent experimien(n = 3) with
representative blots showRrotein expression was quantified by densitometry of
phosphorylated, total and housekeeping proteins. Phosphorylated protein expression
was normalised relative to their total proteins, and subsequently calcretdtve to

the untreatedwid ype (ficontrol 6) group

Significant increases ip-RIP2 (2.2fold, p < 0.05) ang-ERK1/2 (3fold, p < 0.01)
were recorded when witype cells were stimulated with iBAP. The DNMT3b
knockout appears to directly increasesal pRIP2 levels (2.6old, p < 0.01)Relative

to the wildtype control, the DNMT3l#- cells appeared to increase EAP-induced
levels of pERK2 from 3fold to 4.7%fold (p < 0.01, relative to wildype + IEDAP)

and pp38 from 1.%old to 2.9fold (p <0.001, relative to wildype + IEDAP), as
outlined in Figure 3.11. Similar responses were recorded in cells stimulated with TRI
DAP, but at a higher magnitude. FRAP increaseg- RIP2 (2.9fold, p < 0.001)p-
ERK2 (3.7#fold, p < 0.01) angb-p38 (1.9fold, p < 0.01) in wildtype HCT116 cells.
Basal levels of phosphorylated RIP2 and MAPKSs were increased in DNJAT8bs

(p < 0.001). Relative to the witype control, the DNMT3#- cells had exacerbated
responses to TRDAP (Figure 3.12), represented imgreased fiRIP2 from 2.9fold

to 3.8fold (p < 0.01, relative to wikdype + TRIDAP), pERK2 from 3.7#fold to 19.6

fold (p < 0.001yelative to wildtype + TRIDAP) and pp38 from 1.9fold to 4.7#fold

(p < 0.001relative to wildtype + TRIDAP). Togethe these data suggest DNMT3b

/- cells have a pronounced pirdlammatory signalling response to NOD1 ligands.
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Figure 3.11: IE-DAP-induced RIP2 and MAPK signalling in wild-type vs DNMT3b-/-

HCT116 cells.A) Immunoblots of phosphorylated and total RIP28 mnd ERK1/2 in wile

type and DNMT3F'- cells stimulated withiEDAP ( 1 0 ¢ g/ ml ) -Adtimactedt hr ee hour

as the loading control. B) Densitometry of phosphorylated RIP2, p38 and ERK2 expression,

relative to total expression. Untreated wiyghe cellsner e set as the fAcontrol o ¢
presented as mean #M and analysed usingtwway ANOVAs (f ol l owed by Bon

posthoctest).* p < 0.05 representingontrol vs NOD1, # p < 0.05 representingontrol vs

DNMT3b ™, + p < 0.05 representinOD1 vs (DNMT3b” + NOD1).
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3.4.9DNMT3b genetic knockout increases NOD4nduced pro-inflammatory

NFeB signalling.

To complete the analysis of NOD1 grdlammatory signalling in DNMT3#- cells,
relative b wild-type HCT116 cells, Nf® Bsignalling was investigated. To do this,
NOD1-induced phosphorylation of p65 amds Bnds analysedThe same NOD1
stimulation duration was chosen to detect&Bproteins, as was used for RIP2 and
MAPK detection Blots were repeateid three independent experimelits= 3), with
representative blots showProtein expression was quantified by densitometry of
phosphorylated, total and housekeeping proteins. Phosphorylated protein expression
was normalised relativeott h eActib housekeeping geneand subsequently
calculated relative tthe untreatedwild y pe (Acontrol 6) group
Stimulation of wildtype cells withl1 O ¢ d&-DDAP f or t hree hour s (
significantly increase Nf® Bprotein phosphorylation. Basalgb5was significantly
higher in DNMT3b/- cells (2.2fold, p < 0.05). Relative to the witype control,
DNMT3b knockout increased {EAP-induced expression ofp65 from 1.3fold to
2.7-fold (p < 0.01, relative to wiktype + iEDAP) and pl o Brém 1.8fold to 2.3

fold (p < 0.001, relative to wildype + iEDAP), as shown in Figure 3.13. HCT116
wild-type cells were more responsive to IIRAP than iEDAP, increasing {p65
(2.7-fold, p < 0.001) and4 o B1Bfold, p < 0.05). Again, DNMT3#- cells were

found to have greater basatgb5 expression (4-@ld, p < 0.001). Relative to the
wild-type control, DNMT3b knockout significantly increased JBRAP-induced
expression of p65 from 2.7fold to 6.2fold, (p < 0.001, relative to wiltype + TR}

DAP) and pl o Brom 1.8fold to 3.2fold (p < 0.01, relative to wikdype + TR}

DAP), as shown in Figure 3.14. The enhancedB\Bignalling, alongside the
increased RIP2 and MAPK activation, together suggest DNMT8blls are more
responsive than wiltlype cells to N@1 stimulation.
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Figure 3.13: IE-DAP-induced NFa Bsignalling in wild-type vs DNMT3b-/- HCT116

cellstA) I mmunobl ots of phosphor ytymeaml ®NMIBd t ot al
/- cells stimulated with iIDAP (10 € g/ ml ) -Actolacted dsrthe édoadingp ur s .
control. B) Densitometry of phosphaeActinl at ed
expression. Untreatedwitdy pe cel |l s were set as the fcont:
mean + .M and analysed using twway ANOVAs (follome d by Boposteocr oni 6s
test). * p< 0.05 representingontrol vs NODJ, #p < 0.05 representingpntrol vs DNMT3br

4+ p<0.05 representingOD1 vs (DNMT3b” + NOD1).
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Figure 3.14: TRI-DAP-induced NFa Bsignalling in wild-type vs DNMT3b-/- HCT 116

cellstA) I mmunobl ots of phosphor ytypearel ONMIBd t ot al p 6!
/-cells stimulatedwith TRDAP (1 0 ¢ g/ ml-Actinfacted asdhe adingocontral. b

B) Densitometry of phosphor yloaisindexpedsionnand | aBU e
Untreatedwilet ype cel |l s were set as the AcoEMrol 6 grounp
and analysedusingtwway ANOVAs (f ol | o postdoctest).* Bo0ber roni 6s
representingontrol vs NOD1, # p < 0.05 representingontrol vs DNMT3b”, + p < 0.05

representingNOD1 vs (DNMT3b’” + NOD1).
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