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Abstract

Pattern Recognition Receptors (PRRs), which have evolved to detect a diverse array of
pathogenic features known as Pathogen Associated Molecular Patterns (PAMPs), are
localised optimally for interaction with their cognate ligands. Upon Receptor activation,
signal transduction pathways are induced which converge at different points to direct a
specific inflammatory response. TBK1 is activated and recruited to multiple PRRs, where it
in turn recruits and phosphorylates IRF3 which then translocates to the nucleus and
induces the expression of type | IFN. In this study, the major breast cancer susceptibility
protein BRCA1, known for its functional role in maintaining genomic stability, is found to
be phosphorylated following PRR triggering. This event is demonstrated to be DNA
Damage, DNA Damage Response (DDR) signalling, and oxidative stress-independent.
Further to this, phosphorylated BRCA1l localises to Golgi-related microsomes in
perinuclear zones where TBK1 and the adaptor STING can be found. Here, BRCA1 interacts
biochemically with and facilitates full activation of TBK1. BRCA1-deficient cells show
abrogated IRF3 phosphorylation, type | IFN production and ISG induction in response to a
diverse array of PRR agonists as well as both HSV1 and Sendai virus (SeV). Subsequently,

BRCAL1 deficiency impairs antiviral responses to pathogens such as HSV1.



1 Introduction

1.1 Innate Immunity

1.1.1 Pathogen sensing

In order to defend the body against constant invasion by micro-organisms, vertebrates
have evolved an elaborate immune system comprising of innate and adaptive arms. The
innate immune system provides a first line of defence against pathogens, giving a rapid
response to any invader, whereas the adaptive immune system helps eliminate pathogens
at later stages of infection. Simultaneously, it works to establish immunological memory
to protect against future infections of the same or a similar pathogen. Recognition of
invading microbes as non-self is therefore the first and most critical step in eliciting a
successful response and controlling infection®.

The molecular apparatus responsible for innate immune signalling is genetically conserved
from Drosophila fruit flies to mammals. Mutations in the innate immune system can be
significant, with defects in key proteins predisposing patients to a range of infections, such
as pyogenic bacteria®®. As many of these proteins are of such importance, loss of function

is often lethal or age-limiting’.

1.1.2 The inflammatory Response

Upon activation of the immune system by infection or tissue damage, inflammation is
initiated to co-ordinately eliminate a pathogen and restore tissue homeostasis. This is
accomplished by utilising a range of mechanisms which control the organism at different
levels including regulation of immune cell composition in tissues, cell responsiveness to

inflammatory stimuli, gene expression, and cellular metabolism and signalling®.



Immediately after an inflammatory stimulus, signalling results in activation of
transcription factors which often reside in the cytoplasm in an inactive state. These then
translocate to the nucleus and bind target gene sequences to promote their expression.
NF-kB induces expression of inflammatory cytokines including IL-1pB, IL-6 and TNFa, whilst
the IRFs induce interferons (IFNs). These cytokines are then secreted and bind their
cognate receptors in either an autocrine or paracrine manner, themselves triggering
signalling pathways which ultimately induce wide-scale alteration of gene expression.
Whole gene modules are targeted which control key biological processes such as cell
survival and proliferation, migration, differentiation, tissue regeneration, co-ordination of

the adaptive immune system and production of antimicrobial products’.

1.1.3 PRR discovery

Molecular understanding of pathogen sensing began after work by Jules Hoffman’s lab in
1996'° uncovered a critical role for the Drosophila Toll receptor in providing antimicrobial
ability to adult flies; knock out of this resulted not only in defective development, but also
lethal susceptibility to fungal infection. This work laid the path for uncovering the modern
biochemistry of innate immune signalling. We now know that activation of the innate
immune system relies upon stimulation of a range of germline-encoded receptors similar
in function to Toll, known as Pattern Recognition Receptors (PRRs). A plethora of human

receptors have been described, with new additions being frequently proposed™'.

1.1.4 PAMPS

Although it was originally thought that these receptors are relatively non-specific as they

are not clonally distributed like receptors of the adaptive system, evidence from mouse



studies confirmed that each receptor does indeed possess specificity to distinct features
of pathogens, known as Pathogen-Associated Molecular Patterns (PAMPS)'. These
PAMPS are usually critical features of the pathogen which are therefore difficult for the
microorganism to modify or mutate.

Cells are equipped with a number of different families of PRRs which can bind PAMPS such
as nucleic acids, proteins, carbohydrates, or lipids. These include plasma or endosomal
membrane-bound Toll-like Receptors (TLRs), cytosolic RIG-I-like receptors (RLRs), DNA
sensors (CDSs) and NOD-like Receptors (NLRs), and recently proposed nuclear receptors
such as IFI16™. Upon these receptors binding their cognate ligands, an inflammatory
response is initiated to eliminate the pathogen.

It is important to note that PRR responses are also crucial for a natural homeostatic state,

particularly for intestinal maintenance'***

. In addition to microbial ligands, many PRRs can
also bind aberrant endogenous factors and molecules released during necrosis in order to
protect the organism’s integrity and regulate sterile inflammatory processes®. These
moieties are known as damage associated molecular patterns (DAMPS) and include ATP,
HMGB1' and heat-shock proteins'’ among many others. Importantly, genomic dsDNA

released upon cell death can act as a DAMP which is sensed by PRRs to induce a potent

inflammatory response and maturation of Dendritic Cells (DCs)*.



1.2 Toll-like receptors

1.2.1 TLR structure and location

The best characterised group of PRRs are the TLRs which are type | integral membrane
glycoproteins that share common functionality with IL1-R. At present, there are 11 known
human and 13 mouse TLRs, each detecting a different PAMP (Table 1.1). Multidisciplinary
approaches which integrate transcriptomics, genomic profiling, small-molecule screening
and phosphoproteomic studies have significantly contributed to recent progression in
understanding TLR signalling™.

Expression of TLRs is focussed primarily on immune cells such as dendritic cells,
macrophages, B-cells and occasionally T-cells, but some fibroblasts and epithelial cells may
also express a select repertoire'’. Structurally, TLRs comprise of extracellular domains
which contain varying numbers of leucine-rich repeat (LRR) motifs which facilitate ligand
binding®. In the case of TLR3, it was shown that its RNA ligand binds the outermost surface
of TLR3’s convex horseshoe shape. TLRs also possess a cytoplasmic Toll/IL-1R homology
(TIR) domain that is responsible for intracellular signalling®*. Many TLRs reside at the cell
surface (TLRs 1, 2, 4, 5, 6, 11) where they encounter extracellular pathogens, but others
reside in endosomal and endo-lysosomal compartments (TLRs 3, 7, 8, 9), into which their
often-nucleic acid ligand must be internalised to induce signalling. This spatial organisation
is important not only for ligand access, but also to control self-discrimination in prevention

of inflammation®?.



TLR1
TLR2

TLR3
TLR4

TLR5
TLR6

TLR?7
TLR8
TLR9

TLR10
TLR11

Triacyl Lipopeptides
Diacyl lipopeptides
Lipoteichoic acid
Zymosan
Peptidoglycan
dsRNA

Lipopolysaccharide

Flagellin
Diacyl lipoprotein

ssRNA
ssRNA
CpG DNA

Unknown

Profilin-like molecule

Plasma membrane

Plasma membrane

Endosome

Plasma membrane/
endosome

Plasma membrane

Plasma membrane

Endosome
Endosome

Endosome

Endosome

Plasma membrane

Bacteria
Bacteria
Viruses

Fungi
Trypanosomes
Viruses

Bacteria

Bacteria
Bacteria
Fungi
Viruses
Viruses
Bacteria
Viruses
Protozoa
Unknown
Bacteria
Protozoa

Table 1.1 TLRs and examples of their ligands derived from microbial pathogens. Subcellular
localisation is also displayed, along with the origin of each ligand.

1.2.2 TLR signalling — adaptor molecules

Stimulation of TLRs prompts hetero- or homodimerisation in addition to conformational

changes which lead to the recruitment of cytosolic TIR-containing adaptor molecules that

interact with the TLR’s cytoplasmic TIR domain. Dependent upon which TLR is activated, a

specific adaptor molecule is recruited. Broadly, this is divided into activation of MyD88-

dependent or MyD88-independent pathways. There are four primary adaptor molecules

including MyD88, TIRAP?, TRIF, and TRAM?*. It is the selectivity in recruitment of these

adaptors after TLR stimulation which establishes distinct signalling pathways and a fine-

tuned inflammatory response.



1.2.3 MyD88-dependent signalling

Signalling via MyD88 is critical for NFkB activation and pro-inflammatory cytokine
production (Figure 1.1). MyD88 is recruited after activation of all TLRs except TLR3, in
addition to its co-adaptor TIRAP upon TLR2 and TLR4 stimulation®>*®. MyD88 then binds
IRAK4 via homophilic Death-domain (DD) interactions. IRAK1 and IRAK2 are recruited to
and phosphorylated by IRAK4 before associating with TRAF6. TRAF6 adds K63-linked
polyubiquitin chains to itself, IRAK1 and NEMO using its E3 Ubiquitin ligase activity, in a
process facilitated by the CARD domain-containing protein Bcl-10 and the E2 ligases UevlA
and Ubc13%"?. Shortly after, TAK1 and its regulatory binding proteins TAB2 and TAB3 are
recruited to phosphorylate IKK—B30. This finally induces the activation of the NFkB complex
via phosphorylation and degradation of IkB proteins, permitting translocation of the active
NFkB components p65 and p50 to the nucleus where they induce the expression of genes
with pro-inflammatory roles. Simultaneously, TAK1 facilitates phosphorylation of MAPK
kinases (MAPKKs), which then activate their MAPK substrates such as p38, JNK, ERK1 and
ERK2. These in turn activate other transcription factors such as AP-1 and also control
translation events®".

In addition, TLR7 and TLR9 function through MyD88 to produce type | IFN as well as NFkB-
dependent cytokines. Experiments in plasmacytoid Dendritic cells (pDCs) demonstrated
that a complex between MyD88, IRAK1, TRAF3, TRAF6, IKKa and IRF7 forms, leading to
nuclear translocation of IRF7 and induction of type | IFN. In myeloid-derived dendritic cells,

IRF1 and not IRF7 is activated, resulting in only IFN-B production®.
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Figure 1.1 MyD88-dependent signalling. Surface TLRs such as TLR2, TLR4 and TLR5 engage their
cognate extracellular ligand and induce MyD88 signalling via TIR domain interactions. MyD88 then
recruits TIRAP and interacts with IRAK4 via DD homotypic interactions. IRAK1 and IRAK2 are
phosphorylated, leading to activation of TRAF6, which self-ubiquitinates and also ubiquitinates
NEMO. NEMO then activates TAK1, which phosphorylates IKKB, leading to phosphorylation and
proteasomal degradation of IkB. NFkB subunits p50 and p65 then translocate to the nucleus and
induce expression of pro-inflammatory cytokines. Endosomal TLRs such as TLR7/8 and TLR9 bind
internalized nucleic acid ligand and recruit MyD88. A complex containing TRAF6, TRAF3, IRAK1,
IKKa, and certain IRFs (IRF1, 3, 5, or 7). The IRFs translocate to the nucleus and induce expression
of type | IFN, whilst TRAF6 intersects back at signalling through NEMO, progressing signalling as
surface TLRs do activate NFkB and induce expression of pro-inflammatory cytokines.



1.2.4 MyD88-independent (TRIF) signalling

After TLR3 or TLR4 bind their cognate ligands, the TIR-containing adaptor TRIF may be
recruited to the receptor in place of MyD88 (Figure 1.2). Upon TLR4 activation, which also
induces MyD88-dependent signalling as above, TRAM is additionally required when TRIF
is recruited. Unlike MyD88, TRIF recruits TRAF6 directly. TRIF also recruits the adaptor RIP1
which itself binds the adaptor TRADD. TRADD then mediates K63-linked polyubiquitination
of RIP1 when in concert with Pellino1****. The TRIF, TRAF6, TRADD, Pellino-1 and RIP1
complex activates TAK1, which then functions downstream as it does in MyD88 signalling
to promote NFkB activation®™.

Additionally, TRIF signalling leads to IRF3 activation, making it integral for type | IFN
production. The activation of IRF3 by TRIF relies heavily on TRAF3, with deficiency resulting
in abrogated IFN-B production upon TLR3 activation® . TRAF3 then recruits IKKe and TBK1,
which catalyses the phosphorylation of IRF3 to allow it to dimerise and translocate to the
nucleus to induce type | IFN production. TRAF3 is also utilised for induction of IFN upon
activation of TLR7, TLR9, CDSs and RLRs which do not function through TRIF, suggesting

that TRAF3 is universally significant in IFN-B production®”.
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Figure 1.2 MyD88 independent signalling. TLR4 can signal via MyD88 from the cell surface. After
this, TLR4 is endocytosed to endosomal compartments, where it can alternatively recruit TRIF via
TIR interactions, in addition to TRAM. In these compartments, TLR3 activation also leads to the
recruitment of TRIF, which recruits TRAF6. TRAF6 binds the adaptors RIP1 and TRADD, which
activate TAK1 to promote NFkB activation as with MyD88-dependent signalling. TRAF6 also binds
TRAF3, which recruits TBK1 and IKKe. TBK1 is phosphorylated, leading to phosphorylation and
dimerisaton of IRF3, which translocates to the nucleus and induces expression of type I IFN.
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1.3 Cytosolic PRRs

1.3.1 RIG-I-like Receptors

RLRs are one of many cytosolic PRRs families. It’s main constituents are RIG-I itself and
MDAS5*. Structurally, they share N- terminal caspase recruitment (CARD) domains and
DExD/H-box RNA helicase domains, followed by a C-terminal domain (CTD) responsible for
regulatory functions. These receptors are responsible for sensing both genomic dsRNA and
RNA intermediates of viral replication as non-self, potently inducing type | IFN
production37. Each receptor has slightly different requirements in its choice of ligand; RIG-
| binds relatively short stretches of RNA (<1kb) with preference for 5’ triphosphorylationas,
whilst MDAS detects longer dsRNA (>2kb) with more complicated tertiary structures®. As
a result, each receptor recognises a distinct repertoire of RNA viruses, with some viruses
requiring activity of multiple RLRs for an effective IFN response™.

PAMP detection by RLRs induces ATPase-driven conformational changes to allow
recruitment of the adaptor MAVS, analogously to MyD88 and TRIF in TLR signalling (Figure
1.3). MAVS resides at the outer mitochondrial membrane, and once activated forms prion-
like aggregates*'. TRAF3 and TRADD are then recruited and signal as they do downstream

of TRIF signalling, to produce type | IFN and inflammatory cytokines.

1.3.2 Cytosolic DNA Receptors

In addition to extracellular CpG-rich unmethylated DNA being sensed by TLR9, the cell
employs multiple cytosolic receptors for detection of intracellular DNA. Introduction of
exogenous dsDNA into cells (which should otherwise largely be restricted to the nucleus),

of synthetic, bacterial or viral origin often results in activation of the adaptor STING which
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resides on ER membranes*® (Figure 1.3). STING then translocates to the Golgi apparatus
before interacting with TBK1 which phosphorylates IRF3 to permit type | IFN production.
Unsurprisingly, loss of STING severely impairs type | IFN production43 and renders cells
susceptible to infection from DNA viruses such as HSV1 and Adenovirus*.

Interest in STING was boosted when it was found to directly bind 3’-5" linked cyclic
dinucleotides (CDNs) of bacterial origin, which can act as second messengers in multiple
bacterial processes including their virulence and biofilm formation®. Upon binding CDNs,
STING induces TBK1 and subsequent IRF3 activation (Figure 1.3). Quantitative Mass
Spectrometry revealed a new member of the OAS-like DNA receptors, cyclic GMP-AMP
synthase (cGAS)*, which binds dsDNA directly and catalyses the formation of 2’-3” cyclic
GMP-AMP (cGAMP) from ATP and GTP*”. cGAMP then functions as an endogenous second
messenger to activate STING, with far greater potency than bacterial CDNs*. A
widespread necessity for STING activation in DNA sensing was thus uncovered. Removal
of cGAS renders cells largely incompetent in type | IFN production in response to
exogenous DNA transfection or DNA virus infection, whilst mice are sensitised to HSV1
lethality®. It was recently shown that cGAMP is packaged into viruses before they exit an
infected cell, allowing rapid activation of STING in any subsequently infected cell®**',
Similarly, cGAMP can also be transferred to neighbour cells horizontally via gap junctions
to help prepare surrounding cells before they are infected™?.

RNA Polymerase Il is a proposed DNA sensor with a unique mechanism. It binds AT-rich
DNA sequences in the cytosol and transcribes them into RNA for detection by RIG-I,
thereby providing a link between DNA and RNA-sensing pathways to maximise the cell’s

sensing capabilities™.
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Another family of cytoplasmic DNA sensors is the AIM2-like receptors, including IFI16
which functions via STING as above™. In contrast to the heavily-studied IFN response to
dsDNA, AIM2 itself interestingly bypasses STING and IFN production, instead partaking in

inflammasome formation to promote IL1-B production and pyroptotic cell death”>.
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Figure 1.3 RLR and CDS signalling. Upon viral infection, sensing of the DNA or RNA genome
activates CDSs or RLRs, respectively. ER-localised STING can be activated after cGAMP production
by cGAS, or directly by other receptors. STING then signals via TBK1 to induce type | IFN and also
NFkB-controlled pro-inflammatory cytokines. Sensing of viral RNA by RLRs induces MAVS

oligomerisation at the mitochondria. This also functions via TBK1 to induce type | IFN and
simultaneously promotes NFkB-mediated cytokine production
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1.3.3 NOD-Like Receptors and inflammasomes

NLRs are cytoplasmic PRRs which share a central nucleotide-binding oligomerisation
domain (NOD) and a C-terminal LRR domain®®. The currently-identified 22 members of this
family are divided into four subsets based on variation in their N-terminal domain. These
are the NLRAs, NLRBs (NAIPs), CARD domain-containing NLRCs, and the NLRPs which
contain a pyrin domain®’. NLR complexes which can recruit caspase 1 and the adaptor ASC
are known as inflammasome-inducing. These include NLRP1, NLRP3, NLRP6 and NLRC4 to
name few (reviewed in°®). Activation of inflammasome complexes results in formation of
large ASC multimer ‘specks’®, prompting self-cleavage and activation of pro-caspase 1
which then cleaves pro-IL-1B and pro-IL-18 to their active form®®°!. Other NLRs such as
NOD1 and NOD2 do not induce inflammasome formation, but function via NFkB, IRFs and
MAPKs>".

Suggested ligands for NLR activation vary wildly in their nature, ranging from chemical

62-64 65-68

compounds and bacterial moieties™ ™", to lysosomal and mitochondrial stress as well
as metabolic disruptions®. It is therefore unlikely that all of the NLRs are directly involved
in specific ligand binding, and sensing cofactors are probably required in each case. Single
nucleotide polymorphisms (SNPs) in NLR genes are reflected in a wide variety of human

diseases, including increased susceptibility to infection or Crohn’s disease®’.

1.3.4 Nuclear receptors (?)
The DNA binding protein IFI16 is a PYHIN protein found in the nucleus, and has been
reported to have a role in IFN-B production in response to HSV1>*. More importantly, this

12,70

propositions IFI16 as the first viral DNA sensor to function in the nucleus™’". However,

controversy surrounds this, as other groups have failed to reproduce these results’’,
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showing only cytosolic binding of IFI16 to viral DNA’2. One such caveat of IFI16 acting as a
true nuclear dsDNA sensor stems from the recently solved structure of its ligand-binding
HIN domain in complex with dsDNA’3, which demonstrates binding of DNA is a sequence-
independent event; contacts are formed only with the sugar phosphate backbone of DNA.
Therefore, if IFI16’s DNA binding activity is IFN-stimulatory, host genomic DNA would be
activating and this could cause catastrophic auto-inflammatory responses. Nevertheless,
another PYHIN family member which resides in the nucleus, IFIX, has also been reported
to bind HSV1 genomic DNA in the nucleus and influence type | IFN production’. It is
conceivable that IFI16 requires a sequence-specific co-factor which allows discrimination
between self and non-self DNA in the nucleus, but such activities would have to be subject
to the highest levels of regulation. The proposal itself does however aim to shift the
paradigm of cytosolic sensing exclusivity, as most DNA viruses do replicate their genomes

in the host nucleus.
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1.4 Interferon signalling

1.4.1 Type I-IFN

Type | IFNs are made up of multiple IFNa subtypes, a single IFNB molecule and several
poorly defined gene products75. They are produced downstream of IRF activation, and
once secreted they bind to heterodimeric IFN-associated receptors (IFNARs) (Figure 1.4),
the importance of which has been heavily documented in murine studies’®.

Binding to their cognate receptors induces secondary intracellular signalling (reviewed
in’’), which begins with activation of Janus Kinase 1 (JAK) and tyrosine kinase 2 (Tyk2).
Signal transducer and activator of transcription 1 (STAT1) and STAT2 are then
phosphorylated and dimerise before translocating to the nucleus, where they bind IRF9 to
form a complex known as IFN stimulated gene factor 3 (ISGF3). The ISGF3 complex binds
to interferon stimulatory response element (ISRE) sequences in the promoter regions of
interferon stimulated genes (ISGs), which are then expressed and act to restrict pathogen
replication.

The actions of type | IFNs are not limited to cell intrinsic responses, as they can also direct
natural killer (NK) cell activation’®, as well as B-cell’*®°, T-cell®®? and myeloid cell activity
to enhance the immune response. They also have been shown to influence the

83,84

differentiation of DC precursors®>?*, as well as their maturation®”.

1.4.2 ISGs

Several hundred genes possess ISRE sequences, whose gene products work to restrict the
replication of pathogens (Table 1.2), particularly viruses. Dependent on the pathogen, the

cell induces expression of distinct subgroups of ISGs to restrict specific microbes, adding

16



further specificity to the response initiated®®. In response to viral infection, these 1SGs
induce an ‘antiviral state’ within the cell, co-operating to target all stages of a virus life
cycle including entry and uncoating, replication, assembly and egress. They do this by
targeting both the virus directly, or by targeting host mechanisms which are hijacked to
facilitate viral replication such as protein translation and nucleotide synthesis (reviewed
in®’).

ISG15 is a well-studied ISG which can be catalytically added to substrate proteins to act as

889 This addition induces general

an activating mark, similar to the ubiquitin modification
antiviral signalling, including IFN and inflammatory cytokine production®®'. MxA is an
important ISG which is induced to limit viral release; it surveys exocytic events and
mediates vesicle trafficking to segregate viral components in order to prevent final
assembly and egress®. 2’-5’ oligoadenylate synthetase (OAS) on the other hand is part of
a set of ISGs which is constitutively expressed at low levels, but is increased upon IFN signal

3% This particular ISG can catalyse a unique 2’-5" linked phosphodiester

transduction
bond formation to add ATP oligomers onto adenosine. This species then activates a resting
form of RNaseL which degrades dsRNA®>, for example of viral origin. The products of this
can then further activate other PRRs’®. RNaseL-deficient mice are thus unsurprisingly

7% Another constitutively

susceptible to infection by viruses with RNA genomes
expressed ISG that is activated by dsRNA is protein kinase R (PKR). This protein dimerises
and phosphorylates the eukaryotic initiation factor 2A (elF2A), reducing protein
translation to abrogate viral replication capacity®”.

Almost all viruses expend a large proportion of their genetic economy to antagonise IFN

and ISG signalling, illustrating the importance of these in protecting from viral infection®.

In brief, they employ a few main strategies to antagonise host defence proteins. These
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include inhibition of gene expression, sequestration of IFN-signalling molecules, and
proteolytic cleavage or proteasomal degradation of signalling or effector molecules*®
This agonism and antagonism of effector proteins by host and virus can be traced as far

back as evolutionarily possible'®, and will most likely continue as long as we co-exist.
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Figure 1.4 IFN production and signalling. Type | IFN produced downstream of TLR, RLR or CDS
activation is secreted and binds its cognate receptors at the cell surface in an autocrine or
paracrine manner. IFNAR1 and IFNAR2 form a heterodimer which induces activation of
intracellular JAK and Tyk2. STAT1 and STAT2 are then phosphorylated and dimerise, before
translocating to the nucleus and binding IRF9 to form the ISGF3 complex. This binds to ISRE
sequences in gene promoters and induces their expression.
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ADAR

PKR
ISG15

MX1

OAS1

Viperin
TRIMS

TRIM25

Converts adenosine to inosine via deamination, disrupting A:U pairing and reducing RNA
stability.

Downregulates elF2A to reduce translation of viral components

Ubiquitin like molecule used to coat proteins to modulate their activity. Both cellular
proteins and viral proteins identified as targets (ISGylation)

Part of the dynamin-like GTPase family. Forms ordered oligomers, but exact antiviral
mechanism unknown

Catalyses the formation of 2’-5’ linked oligomers which activate RNase L to degrade viral
genome

Perturb lipid rafts to prevent viral egress

Recognises incoming viral capsid, intereferes with uncoating and promotes inflammatory
signalling

E3 Ubiquitin ligase which ubiquitinates RIG-I to induce its signalling

Table 1.2 ISGs and their activity. List of well-studied I1SGs and their mechanism of action. Adapted

from'%,
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1.5 Regulation of PRR signalling

1.5.1 Cellular Regulation

To mediate the balance between an elastic yet specific immune response with minimal
collateral damage, the innate immune response has evolved several regulatory
mechanisms. The largest scale comes at the cellular level, with specific cells possessing
specific receptors and pathways. For example, almost all cells express nucleic acid sensing
pathways and MHC | machinery to raise alarm after viral challenge. Conversely, most TLRs
are reserved for expression in Antigen-presenting cells (APCs) and some epithelial cells*?,
presumably to limit inflammatory responses against commensal bacteria. Similarly pDCs
and inflammatory monocytes possess unique antiviral signalling pathways not found in

103

other cells™". The location of cells is also regulated to facilitate appropriate sensing of

pathogens.

1.5.2 Transcriptional regulation

In addition to regulation of gene expression by NFkB, IRFs, IFN and inflammatory cytokines
as discussed above, epigenetic control exists in innate immune signalling. Histone
modifications which both negatively and positively regulate expression of key immune
proteins allow an added layer of security on gene segments, by restricting factors which

can engage and alter gene expression104'105_

1.5.3 Spatiotemporal Regulation

As alluded to, PRRs localise optimally for ligand accessibility. Additionally, nucleic acid-

sensing TLRs such as TLR3 and TLR9 are restricted to specific compartments to prevent
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self-detection. In a unique case, TLR4 signalling can progress via both the MyD88-

dependent and independent pathways™ "’

(Figure 1.2). This feat is the result of an
exquisite temporal and spatial regulation of TLR4 itself. It initially functions via MyD88 and
TIRAP from the plasma membrane to activate NFkB and MAPK before it is endocytosed to
an endosomal compartment'®, where it signals via TRIF'*® and TRAM'*° to induce type |
IFN and late-phase NFkB signalling. Similarly, it is now thought that other key proteins in
innate sensing pathways relocalise during signalling, including STING*. Concurrently,
many adaptors and downstream signalling molecules need active recruitment to the

receptor for full activation, thereby preventing constitutive activation and auto-

inflammatory diseases.

1.5.4 Post-Translational modifications

Multiple methods are used by the cell to conditionally amplify or dampen PRR-mediated
signalling. Post-translational modification of signalling molecules is arguably the most
important feedback mechanism used. For example, phosphorylation events are crucial for
kinase cascade progression and amplification of downstream of PAMP sensing’**, whilst
phosphatases such as SHP1 and SHP2 can negatively regulate TLR activation''**",
Ubiquitination is another key modification which can be activatory or inhibitory (reviewed
in'**); K63-linked polyubiquitination of RIG-I by TRIM25™" or RNF135'* is required for its
activation, whilst inhibition of this by CYLD prevents its antiviral activity''’. Similarly, STING
activation at the ER and recruitment of TBK1 requires K27-linked polyubiquitination*'?,
whilst K48-linkages can negatively regulate the antiviral response by inducing proteasomal

degradation of modified proteins'*®. Deubiquitinases play just an equally important

opposing role; for example, Deubiquitinating enzyme A (DUBA) removes K63-lined chains
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from TRAF3, suppressing type | IFN production®*

. TLRs themselves are also subject to
ubiquitination events; immediately after PAMP sensing, they can be targeted for
degradation to terminate inflammatory signalling. In the case of TLR4, this can either be
by direct lysosomal trafficking and degradation?!, or via proteasomal degradation after
ubiquitination'?.

Further increasing complexity is the addition of the ubiquitin-like protein SUMO, termed
SUMOylation, which can result in competitive protection from Ubiquitin-mediated

degradation as is the case when added to IkBa'?®

. Other modifications have also recently
been identified as important regulators of immune activity; acetylation of MKP1 was
shown to lead to inhibition of MAPK responses™**, whilst negative regulation of cGAS by

glutamylation has very recently has opened up another new PTM field'*>.

1.5.5 Crosstalk and synergy

Given that many PRR-induced pathways have relatively independent yet overlapping
signalling, they must co-operate to achieve an appropriate response. This may be as part
of either a synergistic or antagonistic relationship. Synergy is a common phenomenon in
PRR activation which is used to give an amplified response as opposed to an additive
response when multiple receptors are activated. In the case of TLR2, functionally distinct
heterodimers may form with TLR1 or TLR6 depending on the ligand bound'*. A
combination of TLR2 and TLR4 stimulation with TLR7, TLR8 and TLR9 increases IFNy/IL-12
production and polarises DCs to a T-helper 1 (Ty1) responsem. Similarly, TLR2 and NOD2
have a historical synergism which has now been utilised for adjuvant vaccine therapy*.
PRR co-operation is also seen between TLRs and inflammasomes. Two signals are required

for functional IL-1B to be secreted; the first can be initiated by TLR activation, inducing
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NFkB-mediated pro-IL1B production. The second signal then often comes from activation
of NLRP inflammasomes such as NLRP3, which can recruit caspase 1 to cleave pro-IL1B to
its active form for secretion®®. TLR activation further enhances this as NFkB activity
promotes NLRP3 expression, increasing any downstream effect on IL-1p production™®’.

Inflammatory crosstalk and regulation can also be achieved temporally in a more direct
manner. After TLR4 has been stimulated and is endocytosed to an endosomal
compartment, the E3 Ubiquitin-ligase Nrdp1l targets the previously-activated MyD88 for
degradation, whilst simultaneously potentiating TBK1 activation to promote an IFN

3% 0On the other hand, MyD88-dependent signalling induces

response via TRIF signalling
K48-linked polyubiquitination of TRAF3 and its proteasomal degradation, reducing type |

IFN production whilst increasing MAPK activity and production of inflammatory

cytokines™".

1.5.6 Aberrant PRR activation

As discussed, inflammatory signalling can alter gene expression of thousands of genes in
an infected or bystander cell, whilst also directing the adaptive immune system. If the
above regulatory systems are defective or fail, the over-activation of inflammatory signals
may cause considerable auto-immune damage to the host. Excess cytokine and chemokine
production may activate lymphocytes which can promote B and T-cell responses, in some
cases against self-antigens. In an attempt to exploit the mechanism behind these diseases,
TLR ligands are now used as vaccine adjuvants in addition to antigens to increase antibody
responses’>?,

Although cells attempt to strictly differentiate between self and non-self nucleic acids to

avoid auto immune disease, TLR7 and TLR9 have been reported to induce autoantibody
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generation, likely after sensing endocytosed DNA fragments from necrotic cells which

134

have bound other DAMPS such as HMGB1™? or antimicrobial peptides™*. Similarly,

endogenous RNA-protein complexes can activate DCs and autoreactive B-cells via TLR9 to

135

produce more IFN™, thereby amplifying the autoimmune effect.

136

So called interferonopathies (reviewed in~>") most-notably include Aicardi-Goutieres

syndrome (AGS), which is characterised by fatal encephalopathy and an increased IFN

137
d

signature in peripheral blood™’. This can result from mutations most notbaly in RNase

140

H2'*® SAMHD1"°, or most commonly the 3’ exonuclease Trex1 . Mutations in these

genes or others linked to this disease were shown to permit accumulation of endogenous

141

retroviral DNA which is sensed by CDSs, inducing excess type | IFN™". Systemic lupus

erythematosus (SLE) also presents a similar yet milder phenotype, with overlapping clinical

142,143

presentation and underlying genetic risk factors . In addition to self-pathogenesis,

excess IFN can also exacerbate viral and bacterial infection as a result of specific

144

immunosuppressive actions or tissue damage . This has even been suggested to enable

5 146,147

higher viremia during HIV infection*® in addition to suppressed T-cell responses
Increased susceptibility to Listeria monocytogenes among other pathogens has also been
linked with excess IFN production*®.

Polymorphisms resulting in truncated NOD2 are a strong genetic risk factor for Crohn’s
disease, an inflammatory bowel disorder with various proposed models of
pathogenesis'*’. One concept is that of dysregulated inflammatory responses to intestinal

bacteria as a result of NOD2 malfunction, resulting in over-compensatory mechanisms

against non-pathogenic bacteria to create a hyperinflamed state'™° .
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1.6 TBK1

1.6.1 TBK1 structure and function

TBK1 is a crucial IKK-related protein which helps to bridge the activation of multiple PRRs
to type | IFN production. It is highly evolutionarily conserved in mammals, with 99%
sequence homology seen between human and mouse homologues, illustrating its
biological importance. Biochemically, TBK1 is composed of an N-terminal kinase domain,
a ubiquitin-like domain, a dimerisation domain and C-terminal interaction domain which

contains a leucine zipper region and a helix-turn-helix motif*>*>*

. Many PRRs are known
to utilise TBK1 for IFN production including TLRs, RLRs and CDSs™>>. Once activated, TBK1
phosphorylates the upstream adaptor on a specific consensus motif, allowing recruitment
of IRF3 via binding of its positively charged phospho-binding domain. TBK1 then

134 which dimerises and translocates to the nucleus where it binds

phosphorylates IRF3
ISRE sequences and induces the expression of type | IFN. TBK1 can also target IKKB to
influence NFkB signalling and inflammatory cytokine production®. Deficiency of TBK1
predictably results in decreased IRF3 DNA binding capacity and therefore decreased type
I IFN production®>**®, leading to increased susceptibility to viral infection and secondary
pathologies™’**%,

TBK1 has also been reported to have alternative antimicrobial functions; upon bacterial
detection, it can regulate autophagic processes to influence the direct destruction of
ubiquitin-coated bacteria in a process known as xenophagy*>®*®°. This activity of TBK1 has
been suggested to play a role in a range of pathologies, such as neurodegenerative

diseases and cancerlsl’lsz.
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1.6.2 TBK1 signalling diversity

The ability of TBK1 to co-ordinate distinct inflammatory responses stems from its ability
to form a multitude of protein complexes. It is specifically recruited to each individual

154
, all

adaptor molecule employed by its upstream PRR, including TRIF, MAVS, and STING
of which signal to produce type I IFN.

The formation of microscopic TBK1-containing, stimulus-specific protein complexes on
membranous compartments supports the notion that localisation of TBK1 can act as a

4143 In the case of RLR and downstream

regulatory platform for its signal transduction
MAVS activation, TBK1 is recruited to the mitochondrial outer membrane®™* with the help
of IFIT3'®, Activation of STING via dsDNA sensing however, recruits TBK1 to perinuclear
ER/Golgi-derived microsomal organelles“. Therefore, spatial segregation of TBK1 from
other known binding partners may influence its functional activity. For example, when
TBK1-NAP'® interactions are favoured over TBK1-IRF3, IFN production is decreased and

xenophagy increased™. Thus, TBK1s involvement in distinct cellular processes is largely

controlled by its binding proteins.

1.6.3 Regulation of TBK1 signalling

As a critical kinase involved in antiviral immunity, the activity of TBK1 must be tightly
regulated. As with many other immune signalling proteins, this can be achieved by
phosphorylation, ubiquitination, domain-modulation and prevention of active complex
formation®. In steady state conditions, TBK1 associates with IKKe and SIKE, with the latter
sterically inhibiting TBK1 activation and signalling. Upon PRR triggering, TBK1 trans-

165

autophosphorylates at Serine 172", a process enhanced by association with glycogen

synthase kinase 3B (GSK3B)'®. SIKE then dissociates to allow signalling and production of
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type | IFN™’. Additionally, TRAF3 promotes the addition of activatory K63-linked

130

polyubiquitin chains to TBK1 in concert with the E3 ligase Nrdpl™". After this signalling

process has begun, NLRP4 activates the E3 ligase DTX4 which catalyses K48-

polyubiquitination of TBK1, inducing its proteasomal degradation to restore inflammatory

168,169 170

homeostasis . TRAF-interacting protein (TRIP) also functions much the same™"™". In

addition, TBK1 can be switched off by either by the SHP1 and PPM1B phosphatases'’**”?,

or by deubiquitinases such as CYLD which remove the activatory K63-polyubiquitin

173
k

mark~"". Likewise, RNF11 acts in concert with the A20 regulatory complex which consists

of A20, TAX1BP1 and ABIN1 to antagonise TBK1’s association with TRAF3, thereby blocking

the addition of further activatory K63-linked polyubiquitin chains*’**”>.

TBK1 catalytic activity is also tightly regulated; SHP2 directly binds to and inhibits the

113

kinase domain of TBK1 to reduce its phosphorylation of IRF3°". Finally, interrupting TBK1

complex formation can also attenuate its activity. Overexpression of MIP-T3, which binds

TRAF3, competitively inhibits TBK1-TRAF3 binding to attenuate downstream production

176

of type | IFN""". Together, the numerous methods used by the cell to regulate TBK1 activity

demonstrates the importance of this protein’s activity in the cell.

Due to its key antiviral function, many viruses have developed elaborate strategies to

153

antagonize and evade TBK1’s potent IFN-inducing activity™". KSHV tegument protein

ORF45 acts as a surrogate substrate for TBK1, reducing its phosphorylation of IRF7 and

downstream IFN productionm. Other viruses such as foot and mouth disease virus (FMDV)

178

inhibit the activatory K63-linked polyubiquitination of TBK1™"". Hepatitis C virus (HCV) and

HSV1 encodes proteins that directly bind TBK1 to sterically prevent its association with

181
d

IRF3'7%18 TBK1-TRAF3 interactions are also targeted™", as is TBK1 catalytic activitylgz.
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These examples demonstrate how viruses attempt to target TBK1 activity at all stages of

its activity, signifying its importance in restricting viral replication.

1.6.4 Pharmacological inhibition of TBK1 activity

Like other immune signalling proteins, aberrant regulation or activity of TBK1 can lead to
inflammatory diseases such as rheumatoid arthritis’® and SLE™*. In addition,

. . . -189
neurodegenerative diseases'® and oncogenesis'®®*

may transpire. There is therefore a
requirement to develop highly-specific pharmacological inhibitors for therapeutic
intervention in these pathologies. This method of TBK1 regulation could also provide a
means to control interferonopathies caused by defects in upstream proteins such as
Trex1'®. A limited number of TBK1-specific small-molecule inhibitors have been
developed, including BX795. This inhibitor has off-target effects on TAK1, JNK and p38
kinases™®® making it unsuitable for clinical applications. It does however, provide a valuable
tool to complement RNAi-mediated study. Approaches to inhibit TBK1 have shown some
promise translationally; inhibition of TBK1 using ‘Compound II’ reduced the IFN signature

184

in both mice and SLE patient cells™", whilst use of the anticancer drug SU6668 was also

found to inhibit TBK1 and control its pro-angiogenic activity in cancer development®®*.
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1.7 Dendritic Cells

1.7.1 Dendritic cell activation

As so-called professional APCs, DCs derive from the bone marrow and reside in an
immature state in local tissues, where they act as the first line of defence, scanning for
pathogens using their high endocytic capacity and broad range of PRRs expressed. Once a
pathogen is detected, PRR signalling cascades are initiated as outlined previously. Co-
ordination of the adaptive immune system also ensues; of all the APCs, DCs are the most
potent at orchestrating this'**.

Immediately after PRR stimulation, immature DCs begin the maturation process by
reducing their antigen-capture activity. Peptide antigens are then created and loaded onto
Major histocompatibility complex (MHC) molecules. MHC | molecules are loaded with
endogenously-derived antigens, whilst peptides loaded onto MHC Il are derived from
exogenously internalised proteins. MHC | and Il molecules themselves are also up-
regulated and trafficked to the cell surface. Simultaneously, T-cell adhesion molecules
(CD54, CD48) and co-stimulatory molecules (CD40, CD80, CD86) are upregulated.
Together, this vast increase in cell surface residents gives rise to the morphological
appearance of dendrites typically associated with DCs, hence their name.

A migratory phenotype is then developed by the DCs, characterised by secretion of soluble

193

cytokines ™. The DC traverses to the lymph nodes using its chemokine receptors such as

CCR7, where it can engage a naive antigen-specific T-cell with complimentary T-cell

194 The interaction between TCR and MHC-

Receptor (TCR) to the MHC-peptide assembly
antigen complex occurs at the immunological synapse, a contact zone strengthened and

facilitated by binding of adhesion and co-stimulatory molecule pairs such as CD86/CD28

and DC-SIGN/ICAM3, on DCs and T- cells respectively.
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1.7.2 T-cell and B-cell activation by DCs

DC-mediated TCR triggering induces a signalling cascade that can polarise T-cells to form
a longer term immune response against the pathogen. CD4+ T cells can differentiate into
Twl, Th2, Tyl7 or Tgy subsets which promote B-cell differentiation to antibody-secreting
plasma cells, whilst T,z cells can be induced to downregulate the function of other
lymphocytes. Otherwise, naive CD8+ T cells can be encouraged to differentiate into
effector cytotoxic T-lymphocytes (CTLs). Non-activated immature DCs usually can present
self-antigens to T-cells to promote immune tolerance via T-cell deletion or T

induction®>%

. The response produced depends partly on the DC subset which has
presented antigen'®’, which itself can be influenced by other immune cells such as y8-T
cells, mast cells, stromal cells and their cytokine productionlgs. For example, pDCs show
incredible abilities in integrating all aspects of adaptive immune activation. They can
produce high levels of IFNa, which accounts for rapid initiation of CD8+ T-cells in response
to viral infection, whilst also inducing the maturation of other DC subsets, thereby
influencing the expansion of different types of T-cell. Additionally, pDCs can co-ordinate

199

B-cell differentiation into active plasma cells™ via cytokine and cell-surface signalling in

200

addition to presenting unprocessed antigens™ . Mechanistically, the method behind this

remains elusive.

1.7.3 Cross-presentation

All nucleated cells express MHC class | molecules, allowing presentation of endogenously
derived peptides to activate CD8+ T-cell responses. This is crucial for inducing responses
against pathogens and tumours by processing viral or mutated-self antigens. However,

CD8+ T-cell differentiation to effector CTLs requires APC stimulation as above. This
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presents an issue; if the APC is not itself infected or transformed, how can it present
endogenous peptide to the CD8+ T-cell? DCs, and macrophages to a lesser extent,
overcome this by using the unique ability of cross—presentationml, a feature which allows
loading of exogenous antigens onto MHC | molecules. The CD8+ T-cell transition to CTL
can then proceed, in a secondary process known as cross-priming”®.

In cross presentation, it is thought that adaptation of normal MHC surface trafficking is
used to load MHC I molecules with exogenous peptides. An early study showed that cross-
presentation was sensitive to proteasomal inhibitors, suggesting that antigen reaches the
cytosol’®® before being loaded in the classical MHC | pathway, relying upon TAP1/TAP2-
mediated peptide trafficking into the ER. A recent report however suggests that TAP1 may
be dispensable in this pathway*®*, whilst another model suggests a vacuolar pathway of
cross-presentation, as supported by proteasome inhibitor resistance and TAP-

205206 Thijs jdea proposes that antigen doesn't reach the cytosol and

independence
therefore is expected to be processed and loaded onto MHC in endocytic compartments.
The exact mechanism of cellular sorting of antigen and MHC molecules is still largely
unknown.

A clear inverse correlation exists between volume of antigen degradation and efficiency
of cross presentation”’; that is, cells more efficient at cross-presenting have decreased
rates of antigen degradation. Therefore, lower proteolytic activity of DCs compared with
other phagocytes provides insight as to why DCs are so effective in their cross-presenting
ability. Certain subtypes may also have differing capabilities depending on their specialised
function and location®®®. For example, knockout of ATF3 which confers lack of CD8+ and

migratory CD103+ DCs, results in reduction in cross presentation and downstream antiviral

and antitumour responses’®, demonstrating the importance of these cells in performing
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this. Clinically, a lowered antigen-degradative phenotype and therefore induced cross-

210

presentation activity, can be promoted with addition of type | IFNs“*", which encourages

survival of key antitumour CD8+ DCs****2,

1.7.4 DCs in tumour immunology

The immune system employs multiple approaches in order to detect and eliminate

neoplastic cells, together forming the immunosurveillance programme (reviewed in*"?).

This has been shown to have sizeable dependence upon the ability of DCs to present

212

tumour-derived antigens to T-cells“**. Mouse models suggest that DCs utilise antigens

released from both dead and alive cancer cells to cross-present to T-cells, promoting a

211,212

tumour-specific CTL response . In accordance with this, DCs can often be found in the

tumour microenvironment, sampling for antigens released by the transformed cells. The
DCs here can be activated by apoptotic and necroptotic markers such as ATP release and
phosphatidylserine re-orientation®**, in addition to dsDNA released?".

Contrastingly, tumours also possess mechanisms to interfere with DC maturation. They

216

can secrete the anti-inflammatory cytokine IL-10°"°, or hijack DC function to become

tumour-promoting. Here, they trick DCs into polarising a Ty2 response with its

accompanying production of IL-4 and IL-13, which worsens breast carcinoma by both

218

inhibiting apoptosis®*’ and indirectly promoting cell proliferation®*®. Other studies have

also reported DC-induced pro-tumour activity****%.

Due to their plasticity in activating both the cellular and humoral arms of the adaptive
immune system, DCs have now been employed in cancer vaccination studies. Promising
results in eliciting anti-tumour B- and T-cell responses have been observed using both in

214,221-224

vivo and ex vivo loading of DCs with tumour-derived antigen . It is of paramount
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importance that precise signalling of DCs is understood in order to be able to skew their

response to that of strictly anti-tumour.
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1.8 DNA Damage Response

1.8.1 Activation of the DNA Damage Response

In addition to cellular responses deployed to prevent cancer, an extremely complex
intracellular molecular signalling network exists, collectively known as the DNA Damage
Response (DDR). It protects the integrity of the cellular genome by rapidly detecting and
repairing genotoxic modifications which could otherwise promote genomic instability and
eventually cancer. It has been estimated that the cell can attain hundreds of thousands of
DNA lesions per day, either spontaneously or as a result of environmental stresses™>.
Environmental stresses can be further divided into those of physical or chemical sources.
The former includes lonising radiation (IR) or ultraviolet (UV) radiation, whilst the latter

can include smoking or even genotoxic cancer medications®*°

. Spontaneous DNA damage
can comprise of modification or interconversion of DNA bases, oxidisation of bases as a
result of metabolic processes, or misincorporation of dNTPs during normal replication®’.
Each form of genotoxic stress can damage the DNA in a different capacity. Chemical
modifications are self-explanatory, with oxidisation, deamination, alkylation and
depurination accounting for most of the alterations which affect normal function and
replication. Increasing in scale, Inter- or intra-strand crosslinking of DNA strands can be
induced by the likes of cisplatin treatment. Larger still, etoposide can inhibit
topoisomerase | or Il, trapping enzyme-DNA complexes and preventing replication and
maintenance processes. Subsequently, this can lead to single strand breakages (SSBs) and
double-strand breakages (DSBs) which are seen as the most dangerous types of damage
due to the lack of templates to repair from.

Given the range in variety of genomic insults, numerous distinct repair pathways have

evolved to allow specific responses to each type of damage. DNA base modifications are
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usually repaired using the base-excision repair pathway (BER)™™", whilst incorrect base

229

pairing is fixed with the mismatch repair pathway (MMR)“~. Intrastrand crosslinks and

pyrimidine dimers are rectified by removal of a ~30bp oligonucleotide stretch as part of
the nucleotide excision repair (NER) or interstrand crosslink repair (ICL) programmes>*%*,
DSBs are repaired using the non-homologous end-joining (NHEJ) programme which can

allow some potential mistakes during resection”**?*?

, Or a more precise homologous
recombination (HR) system. The molecular mechanisms of each of these are reviewed in

depth in*?’.

1.8.2 DDR signalling

The DDR network is similar to that of innate sensing in many ways; an insult is sensed and
signal transduction pathways are activated which induce an appropriate response
pathway, whilst simultaneously altering cellular processes as the response ensues. The
whole signalling axis is dependent on multiple different PTMs, also akin to PRR signalling.
Phosphorylation, ubiquitination®**, SUMOylation”®> and methylation are all key in the
response. This adds a critical layer of regulation which permits rapid activation and
deactivation of signalling without the need for de novo protein synthesis.

Immediately after DNA damaging events, sensor proteins are actively recruited to lesion
sites. A number of reported sensors may mediate this initial detection. DSBs for example
have been shown to be sensed by multiple independent protein complexes®*®, including
PARP, Ku70/Ku80 heterodimers and the well-studied MRN complex whose constituents
include MRE11, NBS1 and Rad50. These sensors are directly responsible for downstream
induction of distinct effector repair pathways*’, dependent on the requirement of the

DNA end-processing. In the decision making period, large discrete microscopically-visible
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foci form around the damage site. The order and kinetics in which proteins are recruited

is thought to ultimately influence the repair programme employed®*®

. Kinase signalling
cascades proceed, largely driven by the kinases ataxia telangiectasia mutated (ATM) and
ATM-related kinase (ATR), which have hundreds of substrates each®**. ATM drives a
predominantly DSB response, whilst ATR controls SSB pathways in response to RPA-coated
ssDNA. Phosphorylation of H2AX at Serine 139 is a general marker for ATM/ATR activation,
and this so called yH2AX is seen spread for up to 2 megabases around the site of
damage®*. yH2AX is bound by MDC1, which is also phosphorylated by ATM**!, allowing
active recruitment of 53BP1 and BRCA1’*’. From here, other mediators are
phosphorylated, allowing amplification of the response and recruitment of effector
proteins. Effectors can themselves either be directly phosphorylated by ATM and ATR, or

via CHK1 and CHK2 checkpoint proteins amongst others**®, before attempting to fix the

damage.

1.8.3 Cellular processes affected by the DDR

Initiation of the ATM-CHK2 axis after DSB sensing can regulate the activity of p53, which
controls cell cycle progression and cell survival. Importantly, a biological timer is activated
upon which the fate of the cell rests. If damage is extensive and repair is incomplete once
the timer reaches its limit, the cell will enter apoptosis or senescence®**.

The DDR also alters many other cellular processes during repair, including transcription
and translation, which are downregulated in order to prevent formation of misfolded

proteins from mutated DNA templates®*®

. Arange of inflammatory processes may also be
induced upon DNA Damage sensing, including activation of NK cells by increased

expression of the NKG2D ligands such as MICA and MICB*****’. This process is lost when
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ATM expression is silenced**®. Similarly, NFkB signalling is known to be induced by the
DDR**®%°° which in turn has also been shown to activate a specific pathway that results in
IFNo and IFNA production®™.

The development of the adaptive immune system also relies heavily on co-ordinated and
controlled activation of the DDR. T-cell receptor and immunoglobulin (lg) production
requires the generation of specific DSBs during V(D)) recombination®?, in order to
generate diversity in the receptors and increase the ability to recognise of a diverse range
of antigens. Similarly, class-switching” and somatic hypermutation™* requires

deamination to be catalysed by the DDR enzyme AID which changes cytosine to uracil.

1.8.4 Roles of the DDR in disease

254 In relation

Mutations of proteins in the DDR manifests in a multitude of disease states
to the development of adaptive immune diversity outlined above, mutations can lead to
hyper-IGM syndrome in which patients possess normal IgM levels but very little I1gG, IgA

255

or IgE™>. At worst, severe combined immunodeficiency disease (SCID) may develop from

mutations in the NHEJ system, due to defective TCR and Ig developmentzss. Other
profound immunodeficiencies such as lymphopenia may also develop®>*’.

As neurons are capable only of limited self-renewal, any DNA lesions in these must be
carefully and precisely fixed throughout the entire lifetime of the cell. Incidentally,
neuronal metabolism combines high levels of oxygen consumption and mitochondrial
activity, creating an extremely oxidative environment for DNA. Defects in DDR machinery
therefore allow neurons to succumb to such genotoxic environments, which often
presents in neurodegenerative motor defects®®. Similarly, mutations in ATM further

259

increase cellular ROS levels™” and leads to ataxia telangiectasia (AT), a disease where
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patients lose motor co-ordination early on and become wheelchair-bound. Mutations in
the MRN complex member NBS1 result in Nijmegen Breakage Syndrome, from which the
protein found its name. Here, growth retardation and microcephaly occur, demonstrating
detrimental effects as far back as embryonic development®®.

Importance of these proteins can be traced even further back to gamete production; in
meiosis, DSB formation is required for efficient chromosome exchange®®, so obvious
reliance is placed upon proteins of the DDR to mediate this without complication.
Unsurprisingly, many patients with DDR syndromes show abnormalities in meiotic
progression, leading to infertility®>*%.

On the other end of the scale, the DDR also has important roles in maintaining telomere
homeostasis. Faults in ATM and ATR can result in chromosomal instability and insufficient

263

processing of shortening telomeres™". This has been reported to accelerate ageing in

mice®®, and is also thought to be the case in humans®®.

1.8.5 DDR and cancer

As many of the proteins in the DDR are tumour suppressors, mutations in these

266). For example, in Li-Fraumeni

unsurprisingly increases risk of cancer (reviewed in
syndrome, germline p53 is commonly mutated which predisposes patients to a spectrum
of malignancies such as breast cancer, leukaemia, melanomas, brain tumours,
gastrointestinal cancers and sarcomas>®’. Sporadic cancers also frequently arise, resulting

236 Mutations

from mutations which confer a selective advantage in the growing tumour
gained in DDR proteins also facilitate tumorigenesis by allowing bypassing of the apoptotic

pathways otherwise initiated upon their activation. Predictably, p53 mutations are
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present in over 50% of sporadic cancers, whilst 15% acquire mutations in ATM. Mutations

in most other DDR proteins also predispose to cancers (reviewed in*>*%%%).
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1.9 BRCA1l

1.9.1 BRCA1 mutations in cancer

BRCA1 was initially identified and cloned after genetic studies into hereditary breast and

269270 'Now, there have been

ovarian cancer uncovered it as a major susceptibility gene
over 1800 clinically-relevant mutations identified within the BRCA1 gene. Along with the
related BRCA2, germline mutations in BRCA1 account for up to 45% of inherited breast

carcinomas. Likewise, mutations confer a lifetime risk of 45-87% and 36-66% for breast

271,272 273-275

and ovarian cancer, respectively . Risk of other cancers including pancreatic ,

gastric, bowel and prostate cancers are also increased by 20-60% with BRCA1

27%). Moreover, genetic testing for BRCA1 defects provides an

mutations(reviewed in
invaluable diagnostic tool to determine the risk of cancer development in an individual.
In addition to development of breast cancers accredited to hereditary BRCA1 mutations,

50-70% of sporadic breast tumours have at least one defective BRCA1 allele®”’

. Similarly,
hypermethylation of the BRCA1 promoter region and repression of BRCA1 transcription is

also frequently observed in sporadic breast cancer®’®.

1.9.2 BRCA1l s a key tumour suppressor

Study into BRCA1’s cellular functions has exposed it as a pleiotropic master regulator of
genomic integrity, controlling an array of processes which relate to DNA repair. These
include cell-cycle checkpoint control, transcriptional regulation, chromatin remodelling,
mMRNA splicing and cell survival*’®; the mechanistic role of BRCA1 in each of these however
is still largely unknown. Together, these characteristics make BRCA1 a bona fide tumour

suppressor protein.
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Biochemically, the BRCA1 gene encodes an 1,863 amino acid protein which comprises of
multiple functional domains (Figure 1.5). At its N-terminus, it harbours a highly conserved
RING domain which gives it E3 ubiquitin ligase functionality, allowing it to facilitate the

transfer of ubiquitin which has been pre-activated by E2 ligases on to lysine residues of

bound substrate proteins. Following this are dual nuclear localisation signals (NLSs)*®,

with a controversial non-canonical third proposed®®. This central region of BRCA1 is
largely disordered with no distinguishable domain structures, a common feature in

scaffold proteins that is thought to permit flexibility for binding a diverse selection of

279

interacting proteins®’”. Towards the C-terminus is a Serine/Threonine-rich (SQ) cluster,

with at least 10 reported exclusive phosphorylation sites stretching from residues 1280-

282

1524, in addition to the functionally important Serine 988 residue®“. Multiple different

upstream kinases have been demonstrated to phosphorylate BRCA1 including ATM, ATR,
CHK1 and CHK2 amongst others®®’. Phosphorylation of each distinct residue occurs in
certain cellular settings and encourages specific downstream functions®®.
Phosphorylation of BRCA1 itself has been shown to be required for activation of some of

its upstream kinases, including ATM, ATR and CHKZ1, illustrating a mechanism by which

283,284

BRCAL1 can self-regulate its activation via feedback loops . The extreme C-terminus of

BRCA1 contains dual BRCA1 C-terminal (BRCT) domains. As the name suggests, these were

originally identified in BRCA1 itself but have now been identified in a wide range of

285

proteins, many of which belong to the DDR™. These domains are essential for protein-

286,287

protein binding capability, in particular binding of phospho-proteins , as well as

28 Other parts of the full-length BRCA1 protein also

mediation of transactivation events
contain highly conserved sequence stretches, suggesting that much about potential

BRCA1 roles remains to be elucidated.
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BRCAL1 is heavily subject to alternative splicing. Many isoforms have been reported, each

289 Certain isoforms

expressed in a cell-cycle and cell-type specific manner (reviewed in
of BRCA1 are observed disproportionately in specific cancers™®, suggesting each isoform
may have distinct tumour-suppressive functions. However, understanding of the

regulation and function of these isoforms is currently very poor, but will be crucial for

determining the exact role in tumour suppression.

1280-1524
8-96 200-300 @ @@@ 1646-1849
RING NLS Serine-rich cluster BRCT

BARD1 Rad50 ATM CtIP
Mrell CHK2 P53

Figure 1.5 BRCA1 gene. Functional domains of BRCA1 full-length protein from N to C terminus. P
denotes exclusive phosphorylation sites, of which there are 10 in the SQ domain (1280-1524) and
one out of this region (5988). Select binding partners are included, positioned spatially relative to
where they bind BRCAL.

1.9.3 BRCA1 E3 ligase activity

BRCA1 mediates its E3 ubiquitin ligase activity primarily when in concert with its binding

292 This interaction

partner BARD1***, which binds via RING-RING homotypic interactions
is thought to fortify both nuclear localisation and biochemical stability of BRCA1***. The
heterodimer of BRCA1-BARD1 has been shown to bind many different E2 ligases and

substrates, suggesting an expanse of cellular functions which are modulated by BRCA1-
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BARD1 complexes®®. Target proteins notably include histones, CtIP, TFIIE and BRCA1 itself
to induce a positive feedback loop®”.

Early studies using tumour-derived BRCA1 RING-mutants demonstrated reduced E3 ligase
ability and increased sensitivity to ionising radiation, directly linking BRCA1 E3 ligase
activity to tumour suppressive functions®®®. Moreover, recent studies on mice with
clinically-relevant C61G mutations which confer both defective E3 ligase and BARD1
binding activity, also have and increased predisposition to cancer through a reduced DNA

2’ In contrast, 126A mutant mice, which have defective E3 ligase activity

repair capability
but retain BARD1-binding potential, develop tumours at similar frequency to wild-type
mice, suggesting that the E3 ligase activity of BRCA1-BARD1 is dispensable in its tumour
suppressive capacity and may have as yet undefined roles*®®. It is important to note
however that E3 ligase inability alone does impair DNA repair ability**®, but redundancy in
the DDR may account for the observed wildtype-like phenotype.

In addition to K48 or K63-linked polyubiquitination, which induce proteasomal
degradation or signalling activation of tagged proteins, respectively, BRCA1 can catalyse
non-conventional K6-linked ubiquitination of proteins®® as well as mono-ubiquitination

events>*' 3%,

1.9.4 BRCAI1 cellular localisation

BRCA1’s NLSs help retain it in the nucleus where it undertakes its main roles in genome

maintenance (extensively reviewed in*’?). Curiously however, BRCA1 contains a nuclear

303

export signal at the N-terminus which facilitates nuclear-cytoplasmic shuttling™". One

study found that BRCA1 movement to the cytoplasm was facilitated by binding of p53°*,

and abrogation of this interaction to sequester BRCA1 in the nucleus resulted in impaired
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DNA repair and increased cancer susceptibility. Another study also suggested that BRCA1
function must be in part undertaken in the cytoplasm®®.

Additionally, phosphorylated BRCA1 can be observed at the mitochondria where it may
maintain mitochondrial DNA integrity>°°. Other studies have reported that BRCA1 localises
to the ER where it acts to regulate apoptosis®®’>%.

Despite these studies, much focus has been aimed at BRCA1’s nuclear roles, and therefore
the many functions of BRCA1 in the non-nuclear compartments remain unknown. Its

requirement to be exported however, does strongly suggest that it is functionally active

outside of the nucleus.

1.9.5 BRCT domains and complex formation

Through use of its BRCT domains, BRCA1 is thought to mediate many of its functions by
acting as a scaffold protein to facilitate the formation of countless different protein
complexes, a feature which underlies its ability to influence such a quantity of cellular
processes®™. Indeed, well over 100 distinct binding partners have been identified for
BRCA1, with as many as 561 suggested using BioGRID algorithm-based prediction. Many
binding partners are DDR-related proteins, and given BRCA1’s multiple roles within the
DDR, mutations the BRCT domains are common in BRCA1-related cancers®*%3*,

Of these complexes, four have been extensively studied in their direct DNA repair roles,
bearing the sequential names of BRCA1 A-D complexes. The specific activities of each is

2% |n addition to BARD1, some of the primary components of these BRCA1

reviewed in
‘supercomplexes’ involved in DNA repair include the MRN complex, ATM, Abraxas, CtIP

and BACH1 (FANCJ)*®°.
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In addition to its direct roles in DNA damage repair, BRCA1 also forms transcription-
regulating complexes via its BRCT domains which indirectly contribute to the maintenance
of genome stability. Initially, tumour-derived mutations in BRCA1’s C-terminus highlighted
that it can interact with the DNA-binding protein GAL4. This interaction is abolished with

312 More

BRCT mutations and results in abrogated transactivation and growth suppression
recently, it has been established that BRCA1 fine-tunes p53’s transcriptional regulation
after ATM-mediated DSB sensing. Specifically, BRCA1 directs p53 to induce expression of
DNA repair proteins whilst preventing pro-apoptotic gene expression, thereby
demonstrating an exquisite level of control of its transcriptional binding partners’
activities>*®. Similarly, BRCA1 has been shown to interact with the p50 subunit of NFkB,
promoting expression of anti-apoptotic BCL2 and XIAP genes314.

BRCAL1 is also historically well-documented to interfere with estrogen receptor signalling
at multiple points. Upon estrogen binding and activating its nuclear receptor ERa, the
induction of proliferation-associated genes ensues, including the angiogenic VEGF and

315 BRCA1 usually suppresses ERa-induced signalling either directly or via

different cyclins
COBRA, which binds and inhibits ERa. Additionally, BRCA1 has been shown to be able to
transcriptionally regulate the expression of ERa*'®, by positioning itself in close proximity
the ERa promoter region and exploiting the sequence-specific DNA binding capabilities of
other proteins such as Oct-1. In cases of BRCA1 mutation, dysregulated estrogen signalling

in women may provide reasons as to the prevalence of breast and ovarian cancers over

other types.

45



1.10 Functional co-operation between the DDR and Innate Immune system

1.10.1 Historical overlaps of the DDR and Innate Immunity

As discussed, activation of the DDR is crucial for progression of an adaptive immune
response”>. The Inflammatory responses®"’, CTL responses and apoptosis resulting in the
release of DC-activating DAMPs, are processes which display marked similarity to those of
a cell infected with a pathogen such as a virus.

Contrastingly, reactive oxygen species (ROS) produced after metabolic re-programming of

318319 is known to increase oxidative damage to both nuclear and

immune cells
mitochondrial DNA®’. This can cause a positive feedback loop, inducing more DNA damage

and therefore more immune activation®’, potentially promoting tumorigenesis*>°.

1.10.2 Pathogenic oncogenesis

Historically, a plethora of different pathogens including bacteria, fungi and viruses have
been found to antagonize members of the DDR to promote virulence and facilitate
replication.

Most viruses infect non-dividing cells, but drive them to re-enter the cell cycle to promote
a permissive environment for viral replication. This can lead to increased replicative stress
and activation of the DDR, and eventually oncogenesis. It is estimated that 20% of all
human cancers are consequential of pathogenic infection, with 80% of these being from

321

viral infection™". The different families of DNA viruses which induce tumorigenesis and

322 Briefly, cellular

the mechanisms by which they do so are reviewed extensively in
hyperproliferation is homeostatically restricted by tumour suppressor proteins such as

Retinoblastoma (RB), BRCA1 and p53. These proteins are often antagonised by viruses,
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either by promoting proteasomal degradation, relocalisation or mechanistically
preventing their action. For example, E6 protein from human papilloma virus (HPV) targets

|323

p53 for degradation to avoid apoptosis of the infected cell”**, whilst the E7 protein disrupts

324 These

Rb interaction with its binding partner E2F to promote entry into the S-phase
processes have been directly associated with the development of cervical cancer’®.

Members of the herpesviridae family are the most studied in cancer. Epstein-Barr virus
(EBV), which is almost always present in Burkitt’s lymphoma patients**®, results in

activation of the ATM-CHK2 axis early on in B cell immortalisation®*’

. EBV Late-gene
expression then reduces DDR activation once the cell is transformed to permit survival of
the cell and unrestrained replication. The same phenomenon is also observed during
infection of the y-herpesvirus Kaposi’s sarcoma herpesvirus (KSHV), which responsible for
Kaposi’s sarcoma and lymphomas linked to AIDS progression®*®3%°,

In addition to exploiting DDR activation temporally, viruses can also directly regulate
expression of DDR proteins, again leading to chromosomal instability. Adenovirus for
example targets the whole MRN complex for proteasomal degradation®*°, whilst encoding
a protein to inhibit ATR activation®*'.

Viruses may also encode surrogate their own functional proteins which regulate host
proliferation and act as oncoproteins. KSHV encodes the cyclin homologue v-cyclin which
promotes increased proliferation, but also induces polyploidy and other mitotic defects
which promote cancer’”.

Bacteria and fungi also may have genotoxic properties which activate the DDR.
Helicobacter pylori, a gram-negative gastric pathogen present in 50% of the global

population, has been estimated to be responsible for 5.5% of the global cancer burden®*.

This bacteria induces extremely high levels of gastric inflammation which contributes to
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carcinogenesis (reviewed in®”"). Certain strains of Escherichia Coli may also increase the

risk of colon cancer by producing the genotoxin colibactin, encoded in the polyketide

synthase (pks) pathogenicity island>****

. These strains are also found to be proportionally
over-represented in an inflamed intestine, which would further promote a tumorigenic

environment>®,

1.10.3 Pathogen hijacking of DDR machinery

Conversely, pathogens may exploit the active functions of DDR proteins for their virulence.
For example, viruses can selectively activate and hijack proteins of the DDR to augment
their replicative capability. Indeed, most DNA viruses were found to require activation of
specific parts of the DDR for their replication®*’. Additionally, retroviruses require efficient
integration of cDNA into the host genome after reverse-transcription of their RNA
genome. This integrase-catalysed process introduces SSBs, which if inefficiently repaired
can lead to DSB formation and apoptosis. Consequently, inhibition of ATR significantly

decreases viral integration efficiency®*®

. Retroviral replication intermediates also require
general processing by DDR components; loss of ATM or MRN proteins which ‘repair’ these
intermediates results in reduced retroviral replication®**. Replication centres for many
viruses whose genomes are deposited in the nucleus also seem to rely on the presence of
specific DDR components. These include parvoviruses, herpesviruses, EBV, HPV and CMV
amongst others’. Presumably, the viruses utilise proof-reading activity of the DDR to
ensure their genomes are efficiently replicated before being packaged. An exemplar study
showed that MHV68 encodes proteins that can directly phosphorylate H2AX, RPA, CHK2

and Rad51 in events which are required to facilitate successful viral replication®*°. The

potential benefits of viral exploitation and activation of the DDR to such an extent seen in
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this case are unexpected, due to the known inflammatory and immune-stimulating roles
of the DDR. Nonetheless, these findings show that DDR proteins are important in viral
replication.

The interplay between beneficiary or antagonistic features of DDR activation on viral
replication are poorly understood. Future knowledge of viral mechanisms to navigate this
complexity for their benefit, in terms of temporally controlling inflammatory responses
and cell proliferation, will no doubt aid in clinical applications for treatment of both

infection and cancer.

1.10.4 The DDR and innate immune signalling pathways co-operate

Clues suggesting a more integrated relationship between innate sensing and DDR systems

surfaced upon discovery that DDR activation also induced IRF signalling and IFN

production®”.

It was demonstrated that infection with both DNA and RNA viruses
activates the DDR, and IFN production is at least partially-reliant on DDR activation. Recent
evidence has mounted supporting the existence of a bi-directionally co-operative

relationship between these two large signalling networks>**

. That is, proteins of the DDR
are understood to have signalling roles in innate responses to pathogen sensing, whilst
proteins believed to be reserved for innate immune signalling have been found to
complement the DDR.

It is now understood that damaged DNA of nuclear or mitochondrial origin*? can leak into
the cytosol and activate STING-dependent IFN production pathways, which can lead to
inflammatory phenotypes and even promote tumorigenesis, probably by cytokine and

343,344

growth factor-induced proliferation . However, the data strongly suggests anti-

tumour and antimicrobial effects of endogenous dsDNA-induced activation of STING>*.
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Mice lacking STING were shown to be more susceptible to colitis-associated

carcinogenesis>*®**’ but also have weaker T-cell responses to melanoma**®

. The complex
balance between inflammatory activation progressing towards either detrimental or
beneficial outcomes, in both cancer and infection, highlights the requirement for multiple
levels of regulation and co-operation between the DDR and innate sensing systems.

In the case of Trexl1 deficiency outlined earlier, the characteristic elevated cytosolic
endogenous dsDNA and IFN signature was further studied in antimicrobial terms. Indeed,
it was found that Trex1 is responsible for controlling not only endogenous retroviral

349 Removal of

element expression, but also that it is important in IFN responses to HIV
Trex1 permits accumulation of HIV ssDNA species in the cytoplasm which are sensed to
induce TBK1-IRF3 signalling via STING>****!, inducing the expression of type | IFN. The cell
unsurprisingly seems to have evolved a means to exploit this inflammatory mechanism;
oxidative damage to DNA confers resistance to Trex1 exonuclease activity, allowing it to

be sensed by STING to induce an IFN response*>?

. The 8-hydroxyguanosine marker of
oxidative damage was discovered on pathogenic DNA during lysosomal processing and on
extracellular neutrophil extracellular trap (NET) DNA, suggesting this modification may be
exploited to potentiate increased DNA sensing capacity’>>. However, this may also
increase the risk of autoimmune disease in susceptible subjects, as it was found on the
skin of UV-exposed Lupus patients along with increased type | IFN, and was able to induce
lesions directly in lupus prone mice®?. Therefore, lack of Trex1 activity and increased IFN
can be beneficial or detrimental depending on circumstance.

A study which looked at samples from AT patients, who also suffer from elevated IFN levels

in addition to motor defects, found that ATM deficiency and subsequent increase in DNA

Damage was found to prime the innate immune response®>. Specifically, the increased
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amount of damaged DNA can leak into the cytosol as with Trex1-deficient cells, inducing
STING-dependent type | IFN production. The elevated basal IFN resulted in an amplified
innate response to subsequent pathogenic challenge. Meanwhile, this provides an
explanation of the inflammatory phenotype seen in AT patients, along with their reduced

susceptibility to systemic viral infections>>****,

A similar protective outcome of DDR activation was previously reported in germ cells>>>.
The study highlighted a resistance to heat and oxidative stress after addition of exogenous
DNA, as a result of DDR activation. Here, it was found that proteasomal degradation was
increased after DNA damage which enhanced proteostatic protection.

More direct roles of DDR proteins in innate immune sensing have also been uncovered.
Pull-down experiments in HEK293 cells unveiled that Ku70, integral in the NHEJ pathway,
could sense exogenous DNA and induce IFN-A1 productionsss. Subsequently, DNA-PK, a
DNA-dependent kinase complex that Ku70 is a member of along with Ku80 and its catalytic
subunit DNA-PKcs, was shown in human and murine cell lines to detect cytosolic dsDNA
and promote IFNB production. This was demonstrated for both transfected DNA and
whole pathogen in the form of Vaccinia virus®’. The key finding of these studies is the
demonstration that DDR proteins can bind to exogenous dsDNA in the cytoplasm,
highlighting potential roles for DDR proteins out of the nucleus in detecting pathogenic
nucleic acids as ‘damaged’.

Shortly after these discoveries, a role for the DNA Damage sensor MRE11 was proposed

in STING-dependent responses to dsDNA**®

. The authors showed that cells from a patient
with an AT-like disorder stemming from MRE11 mutations, and cells with MRE11 knocked-

down, had defects in STING activation and decreased type | IFN production in response to

both exogenous and endogenous dsDNA. It was crucially demonstrated that MRE11
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colocalises with the exogenous DNA in the cytoplasm. The MRN component Rad50 is also
recruited to this MRE11-dsDNA complex after initial sensing.
Subsequently, Rad50 itself was suggested to be critical in pro-IL-1B production after

39 A direct interaction between Rad50 and the innate immune

cytosolic DNA sensing
adaptor CARD9Y was reported, whilst in vivo murine experiments showed that lack of
Rad50 confers impaired inflammatory responses to DNA virus infection.

PTEN, a key tumour suppressor protein which regulates PI3K and Akt activity, has also

been assigned a role in antiviral immune signalling®®

. It was shown to use its phosphatase
activity to remove a previously-undescribed inhibitory phosphate on Ser97 of IRF3,
allowing its activation. It was also shown to control subsequent import of IRF3 to the
nucleus, where it induces type | IFN expression. Knockout of PTEN rendered mice
susceptible to a range of viral infections. This study illustrates that DDR components can
intersect with innate sensing and signalling machinery directly, without the need for it to
bind a DNA species.

Even simple unicellular organisms such as bacteria possess systems which are bifunctional
for genome protection and immune responsibilities. The bacterial Casl, related to Cas9
which forms part of the CRISPR system that is now indispensable in gene editing processes,

has been shown to repair the bacterial genome whilst also defending against viral infection

by removing integrated phage DNA from the bacterial genome®®’.
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Figure 1.6. Direct functional overlaps of DDR and innate immune sensing proteins. Viral nucleic
acids and damaged DNA can both be sensed by proteins of the innate immune system or of the
DDR. Upon sensing, inflammatory signalling is induced, resulting in type | IFN and inflammatory
cytokine production.
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1.11 Conclusion and study aims

Taken together, these evidences suggest that activation of the DDR provides a pre-
emptive defence mechanism which complements ‘conventional’ innate sensing in
multiple capacities. Firstly, the proteins of the DDR which have evolved to detect aberrant
endogenous DNA can detect pathogenic DNA as ‘damaged’ or misplaced, inducing
inflammatory signalling. In addition to cell-intrinsic restriction mechanisms subsequently
activated, an increased expression of NKG2D ligands and MHC I-peptide complexes upon
DDR activation stimulates a cellular response. Simultaneously, activation of the DDR and
downstream signalling events create a protective environment against the increased
oxidative stress often seen upon APC activation®. Finally, loss of DDR proteins by
oncogenic processes or viral targeting could activate a ‘trip-switch’ fail safe mechanism;
the loss of such proteins would permit increased damaged DNA to leak into the cytosol,
where it can be sensed by CDSs to activate the IFN and NFkB pathways outlined above,
thereby reducing replication of invading pathogens as is seen in the case of ATM>>>,

From a cell economic point of view, this functional relationship is logical as both pathways
are designed for very similar purposes. Both encompass discrete sensing mechanisms to
detect a specific type of threat and induce distinct yet partially-overlapping functional
pathways. They both also utilise large kinase signalling cascades and multiple PTMs, with
similar phenotypic outcomes. In either instance, the cell has a chance to repair the issue,
in which time global cellular translational and metabolic events are somewhat re-
organised. Moreover, adaptive immune responses are mobilised either by antigen

presentation, direct inflammatory signalling, or via ligands produced if the cell undergoes

apoptosis.
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It remains unknown how the cell discriminates mechanistically between activation of the
DDR in response DNA damage or innate immune signalling. Similarly, most recent
evidence links innate sensing with DDR activation as a consequence of endogenous or
exogenous DNA detection in the cytosol, but in-depth studies are lacking in regards to the
possibility of non-DNA PRR ligands activating the DDR. Investigating these issues would
further solidify the existence a direct relationship between both pathways and move past
an ‘indirect consequence’ model.

The aims of this study will therefore be to try and uncover proteins of the DDR which may
be employed downstream of PRR activation. We will utilise large-scale
phosphoproteomics to achieve this, using both nucleic acid and non-nucleic acid ligands.
Any identified proteins will be investigated for a functional role in innate immune sensing
and signalling; inflammatory induction will be interrogated, and | will try to identify any
mechanism of action by identifying the point of intersection with innate immune signalling
cascades. Finally, effects of the presence of any identified DDR protein on pathogen

replication will be assessed.
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2 Materials and Methods

2.1 Cell Culture

2.1.1 Tissue culture

Cells were incubated at 37°C in humidified incubators supplemented with 5% CO,. THP-1
cells were purchased from ATCC and cultured in R10 (RPMI-1640 supplemented with 10%
FCS, 1% glutamine and 100 IU/mL Penicillin and Streptomycin (Sigma)). THP-1 cell
differentiation to macrophage-like cells was achieved by incubating cells in 32nM PMA
(Sigma) for 24 hours before washing. HEK293T and Hela cells were kindly provided by Prof.
Jan Rehwinkel’s group, and were cultured in D10 (Dulbecco’s Modified Eagle’s Medium
supplemented with 10% FCS, 1% glutamine and 100 IU/mL Penicillin and Streptomycin
(Sigma)). HEK293-3C11 IFN reporter cells, generated and kindly provided by Dr. Jonathan
Maelfait (University of Oxford, Human Immunology Unit)*°, were also cultured in D10
without antibiotic. Monocyte-derived dendritic cells (MoDCs) were isolated from
leucocyte cones (NHS Blood Services, Bristol), and cultured in R10 supplemented further

with 40ng/mL IL-4 and GM-CSF (Peprotech).

2.1.2 Generation of MoDCs

Whole blood from leucocyte cones (NHS, Bristol, UK) was diluted six-fold with RPMI-1640
and layered over a sodium diatroziate/polysaccharide solution (Lymphoprep, AXIS-SHIELD,
Norway). Cells were separated by density-gradient centrifugation at 2000rpm for 20
minutes, and PBMCs harvested at the interface before being washed 3 times with chilled
RPMI 1640 at decreasing speeds (1800 rpm, 1500 rpm, 1200 rpm). Monocytes were

positively selected using CD14+ magnetic microbeads and LS columns (Miltenyi Biotec)
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according to the manufacturers protocol. CD14+ monocytes were cultured as outlined
above for 5-6 days to induce differentiation to dendritic cells (MoDCs). Flow cytometry
was used periodically to confirm purity and maturity. CD14 was expected to drop from
high to low as differentiation progressed, whilst DC markers such as CD11c would increase
during differentiation. Expression of DC maturation markers such as CD86, CD83 and HLA-
DR were expected to remain low in immature unstimulated cells and be increased upon

stimulation.

2.1.3 Activation of MoDCs

MoDCs were harvested on day 4 or 5, depending on their morphology and downstream
application, before stimulation with multiple PRR ligands at varying concentrations (Table
2.1). Activation could be assessed by flow cytometric analysis of DC maturation markers

or western blot analysis of common immune signalling molecules.
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2.2 Protein Biology

2.2.1 Celllysis

Cells were harvested and washed in ice cold PBS, before being resuspended in lysis buffer
(1% (v/v) Triton X-100, 250mM NaCl, 100mM Tris-HCl pH8 and 10mM EDTA supplemented
with complete ULTRA protease inhibitor (Roche) and 1% phosphatase inhibitor cocktail 3
(Sigma)), and placed on a rotating mixer at 4°C for 40 minutes. Lysate was centrifuged for
20 minutes at 13,300 rpm, and supernatant transferred to a fresh pre-chilled Eppendorf.

Cellular debris was discarded.

2.2.2 Protein quantification

Protein concentration of cell lysate was determined using the Bradford Assay. Briefly, S5uL
of cell lysate or bovine serum albumin BSA standard (BioRad) was plated in triplicate in a
96-well flat-bottom plate and mixed with 250uL Bradford Reagent (BioRad), before
absorbance was read at 595 nm subtracting the value at 450 nm. A standard curve was

constructed and protein concentration calculated.

2.2.3 Phosphoprotein purification

20x10° DCs per condition were treated as required and harvested before being washed
twice in cold Hanks Buffered Saline (HBS) pH7.4. Phosphorylated proteins were then
purified using a Phosphoprotein purification kit (Qiagen), according to the manufacturer’s
instructions. Briefly, cells were lysed for 40 minutes at 4°C in 5ml CHAPS-based
Phosphoprotein lysis buffer supplemented with 1 tablet of supplied protease inhibitor and

1% phosphatase inhibitor cocktail 3. Cells were vortexed every 10 minutes during lysis.
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Tubes were centrifuged at 13,300 rpm and 4°C for 30 minutes, supernatant harvested and
protein concentration determined. 2.5 mg of lysate (at 0.1 mg/mL) was added to resin
columns supplied in the kit. A portion of the negative un-bound flow-through fraction
containing unphosphorylated proteins was retained and used as a ‘loading control’ in
downstream western blotting. The column was washed before bound phosphorylated
proteins were eluted in 2ml of supplied elution buffer. This fraction was concentrated to
~250uL using 9K concentrator tubes (Pierce). Phosphoprotein concentration was

determined, and lysates processed for SDS-PAGE or stored at -80°C.

2.2.4 Polyacrylamide gel electrophoresis (PAGE)

Cell lysates were mixed with NuPage 4x LDS sample buffer and 10x Reducing buffer
(Invitrogen) to give 1x final concentrations. Samples were boiled at 70°C for 10 minutes,
and equal mass of protein loaded into each lane of NuPage pre-cast polyacrylamide gels
(Invitrogen). Either Rainbow (Invitrogen) or HiMark (Invitrogen) pre-stained protein ladder
was loaded, dependent upon the gel used and target protein size. Gels were
electrophoresed in Invitrogen mini tanks at 140V in MOPS or Tris-acetate running buffer

(Invitrogen) when Bis-Tris or Tris-acetate gels were used, respectively.

2.2.5 Western Blotting (WB)

Electrophoresed gels were washed in 20% ethanol before proteins were electro-
transferred using the iBlot dry blotting system for 7 minutes (Invitrogen), using the
accompanying PVDF membrane stacks (Invitrogen). Membranes were blocked in 5% (w/v)
BSA (when using phospho-specific primary antibodies) or non-fat dry milk diluted in Tris-

buffered saline (20 mM Tris HCI (pH 8.0), 150 mM NacCl) with 0.1% Tween-20 (TBST), for 1
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hour at room temperature (RT) with gentle agitation. Primary antibodies were then added
and incubated at manufacturers recommended dilution, temperature and time.
Membranes were washed in TBST three times for 5-10 minutes. Species-specific HRP-
conjugated secondary antibody was added to 5% (w/v) non-fat dry milk in TBST at the
manufacturers recommended dilution, and membranes incubated in this for one hour at
RT with gentle mixing. Membranes were washed 4 times for 10 minutes in TBST before
being covered in enhanced chemiluminescence (ECL) solution (Amersham Biosciences).
Blots were developed using Hyperfilm (Amersham Biosciences) and an X-ray radiograph

developing system (Xograph Healthcare).

2.2.6 Subcellular fractionation

Cells were fractionated using either a nuclear-cytoplasmic fraction kit or subcellular
protein fractionation kit (Thermo Scientific), according to the manufacturer’s instructions.
Additionally, an extra wash with PBS was performed between each subsequent lysis step
to prevent contamination of fractions with remaining lysate from previous fractions. Each
fraction had its protein concentration determined and upon western blotting, equal

amount of protein loaded for each fraction.

2.2.7 Native PAGE

Samples were prepared using the NativePAGE sample prep kit (Invitrogen). Briefly, cells
were lysed in Native lysis buffer (1x Sample buffer, 1%(v/v) DDM, 1% Phosphatase
inhibitor cocktail 3 and protease inhibitor) for 45 minutes at 4°C. Lysate was treated with
25 U/uL Benzonase (Sigma-Aldrich) supplemented with 2mM MgCl, for 30 minutes at RT,

before centrifugation at 13,300 rpm and 4°C. Supernatant was transferred to fresh
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Eppendorfs and protein concentration was determined using the Bradford Assay. 0.25%
G-250 was added to lysate to give a net negative charge without reducing. NativeMark
(Invitrogen) ladder and protein was loaded to a NativePAGE 4-16% Bis-Tris gel (15-
1,000kDa). Anode buffer was added to the outer chamber, and ‘dark blue’ cathode buffer
to the inner chamber. Gels were run at 150V for 60 mins and 250V for 30-90 mins, at 4°C.
After one-third of the gel had run, dark cathode buffer was switched to ‘light blue’” buffer.
Gels were washed 3 times in 1X NuPage transfer buffer (Invitrogen) to remove dye before
transfer. Proteins were electro-transferred as with conventional western blotting, but
membranes were additionally washed in 8% acetic acid for 5 minutes to fix proteins, and
then washed in 100% methanol for 5 minutes with agitation to remove G-250.

Immunoblotting was then carried out as above.

2.2.8 Immunoprecipitation

A minimum of 10x10° cells were harvested per condition and washed twice in PBS. Cells
were then lysed for 30 minutes at 4°C with rotation in IP lysis buffer (50 mM Tris-HCI, 150
mM NaCl, 1 mM EDTA, 1% NP40, protease inhibitor, 1% phosphatase inhibitor cocktail 3)
at a volume of 1 mL per 20x10° cells. Lysate was centrifuged at 13,300 rpm for 30 minutes
at 4°C and the pellet discarded. 2% of the supernatant was taken and processed for WB as
the input fraction. Manufacturers suggested dilution or pre-optimised amount of primary
antibody (and equivalent isotype control), after testing a range of 1ug to 20ug per
condition, was added to the remaining lysate, and rotated at 4°C for 2-3 hours. 40 uL of
Protein G Dynabeads (Invitrogen) per mL of lysate were then washed in IP wash buffer (50
mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 0.1% NP40) and added to lysate, before

incubating at 4°C for 1 hour, again with rotation. Tubes were placed on a DynaMag2

61



magnet (Invitrogen), and supernatant removed. 2% of this was taken and processed as the
unbound fraction. Remaining beads were washed in 1 mL IP wash buffer four times, then
resuspended in 40 plL 2x LDS Sample Buffer mixed with reducing agent, before boiling at
70°C for 10 minutes to elute and reduce bound protein. Tubes were placed on the magnet
and supernatant transferred to a fresh Eppendorf. Samples were then frozen at -80°C or

WB performed immediately.

2.2.9 TUBE2 Ubiquitin IP

20x10° Hela cells in each sample were untreated or incubated with 20 uM MG132 (Sigma)
and PR619 (Sigma) for 30 minutes at 37°C before being lysed in 1mL Ub-IP lysis buffer (50
mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% Deoxycholate, 0.1% SDS,
protease inhibitor, phosphatase inhibitor cocktail 3, 20 uM MG132, 50 uM PR614). 50 pL
of control agarose resin was added to lysate and incubated for 1h at 4°C, before samples
were centrifuged at 3,000 rpm for 2 minutes at 4°C, and precleared lysate transferred to
fresh Eppendorfs. Either control or TUBE2 agarose beads (Labome, USA) were then added
to the lysate, the latter of which contains ubiquitin binding domains bound to beads>®.
After overnight incubation at 4°C, samples were centrifuged at 3,000 rpm for 2 minutes at
4°C, and 5% of the unbound fraction removed. The pellet containing bound proteins was
washed four times in wash buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1mM EDTA,
0.1% NP40), and bound proteins eluted in 40 pL 2x LDS Sample Buffer mixed with reducing
agent, before boiling at 70°C for 10 minutes to elute and reduce bound protein. Samples

were then frozen at -80°C or WB performed immediately, using anti-Ubiquitin primary

antibody.
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2.2.10 Silver staining

This procedure was carried out using a silver staining kit (Pierce). Briefly, electrophoresed
gels were washed twice in ddH,0. They were placed in fixing solution (30% ethanol, 10%
acetic acid) for 15 minutes twice, before washing in 10% ethanol twice and finally once in
ddH,0. Gels were then incubated in 0.2% silver stain sensitizer diluted in ddH,O for 1
minute, and washed in ddH,O twice. Gels were submerged in Silver stain solution
containing 2% enhancer for 30 minutes, then washed twice quickly with ddH,0. Developer
solution was then added until protein bands appeared, at which time stop solution (5%

acetic acid) was added, washed off, and added again for 10 minutes.

2.2.11 ELISA

Supernatant was harvested from cells 24 hours after relevant treatment, and either
processed immediately or frozen at -80°C. Sandwich ELISA kits for IL-1pB, IL-6, IL-8, and
TNFa were purchased from R&D Systems and performed according to manufacturer’s
protocol. Samples were assayed at 1x concentration or diluted as desired based on
sensitivity of the particular assay, and performed in triplicate. A 7-point 2x serially diluted
standard curve was constructed, and absorbances read using iMark microplate reader

(BioRad).

2.2.12 Non-radioactive In Vitro Kinase Assay

Different amounts of recombinant kinase proteins (GST-TBK1 (Sigma), GST-IKKe (Thermo))
were mixed with 1x kinase buffer (25 mM Tris-HCI (pH 7.5), 5 mM B-glycerophosphate, 2
mM DTT, 0.1 mM NasVO,4, 10 mM MgCl,) (Cell Signalling), and supplemented with 0.2mM

ATP (Cell Signalling), before recombinant substrate proteins (GST-IRF3 (R&D Systems),
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BRCA1 (Abcam)) were added and incubated at 30°C for 60 minutes. LDS sample buffer and
reducing agent was then added to stop the reaction, before samples were reduced at 70°C
for 10 minutes. WB was then performed, using antibodies specific for phosphorylated

forms of substrate proteins.

2.2.13 Lambda Phosphatase treatment of lysate

Lambda phosphatase enzyme (NEB) was diluted in 1x buffer supplied, and supplemented
with 2 mM MnCl,. 20 U of enzyme was incubated with 50 pg of cell lysate for 30 minutes

at 30°C. The reaction was stopped by addition of LDS and reducing buffer.
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2.3 Nucleic Acid Techniques

2.3.1 DNA transformation and amplification

50puL of chemically competent E. Coli were mixed with 100ng of plasmid DNA and left on
ice for 20 minutes, before being heat-shock transformed for 45 seconds at 42°C and placed
back onice for 2 minutes. STBL3 (Invitrogen) bacteria were used when amplifying plasmids
encoding lentiviral shRNA, whereas DH5a (Invitrogen) were used for amplification of all
other plasmids. Bacteria were recovered with 200uL SOC media (Invitrogen) for 60

minutes at 37°C with shaking at 225 rpm. 100 uL of the transformation mixture was plated

2.3.2 DNA Maxiprep

200mL of Bacterial culture was centrifuged at 3000 rpm for 15 minutes at 4°C, and the
supernatant discarded. Plasmid DNA was extracted using a HiSpeed plasmid Maxi Kit
(Qiagen), according to manufacturer’s instructions. Purity and concentration of DNA was

then assessed using spectrophotometry (NanoDrop ND 1000)

2.3.3 Alkaline Comet Assay

Superfrost Microscope slides (VWR) were coated with 0.5% Agarose IA (Sigma) dissolved
in H,0. 1.5% Low melting point Agarose VIl (Sigma) (LMA) was prepared and kept in liquid
phase at 37°C until cells were ready for use. Cells were harvested and washed twice in cold
PBS before being resuspended to 5x10°/ml. 100pL (5x10°) cells from each condition were
diluted 10x in LMA and 100uL of this mix (5x10” cells) was spread gently on top of the
Agarose-|A coated slides, and a coverslip added. Cell exposure to light was then minimized

to reduce UV induced DNA damage. Slides were left at 4°C for 10 minutes on a cold tin
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surface before the coverslip was gently removed, and another layer of LMA added on top.
A cover slip was re-applied, and slides incubated at RT for 5 minutes, then 4°C for 10
minutes until the agarose solidified. Cover slips were removed and slides placed in ice cold
alkaline lysis buffer (2.5M NaCl, 100mM EDTA, 10mM Tris, 1% Triton X-100 (added
immediately before use), pH10) and left in the dark at 4°C overnight to lyse. A horizontal
gel tank was filled with ice cold electrophoresis buffer (300mM NaOH, 1mM EDTA), and
cells left in this for 40 minutes to allow DNA to unwind, before running at 1V/cm (distance
between anode and cathode) for 45 minutes. Slides were washed for 5 minutes in
neutralising buffer (0.4M Tris pH7.5), and then three times for 5 minutes in dH,0, before
being immersed in 70% ethanol for 5 minutes. They were then stained in SYBR Gold
(Invitrogen) solution and viewed on an immunofluorescence microscope. Analysis was
performed using Komet software, and Relative Tail Moment values taken for statistical

analysis.

2.3.4 Adherent cell transfection

Cells were seeded 24 hours prior to transfection (and PMA-differentiated in the case of
THP-1 cells) in the absence of antibiotic. The following morning, media was refreshed,
again in the absence of antibiotic. Transfection mixes were then made per mL final media
as follows; 4uL Fugene-6 (Promega), relevant amount of DNA or RNA to be transfected,
and made up to 100uL (10% of final volume) with 1X OptiMem (Gibco). Transfection mixes
were left for 15-30 minutes at room temperature before being added drop-wise to cells.

24 hours later, media was refreshed with the addition of antibiotic.
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2.3.5 DC Electroporation

DCs were electroporated using the Neon system (Invitrogen), using 100uL neon Tips
(Invitrogen) with the following settings; 2 pulses at 1475V and 20 ohms. Briefly, cells
were resuspended at 50x10°/mL in buffer R and relevant siRNA was added at pre-
optimised (after testing 1nM to 100nM) or manufacturers suggested concentration. Cells
were electroporated and placed into pre-warmed antibiotic-free R10 (with the addition
of 1l-4 and GM-CSF if cells were harvested at day 3 or before), at a density of 1x10°/mL.
Cells were harvested and counted 48 to 72 hours later to determine cell viability before

downstream application.

2.3.6 RNA extraction

5x10° to 2x10° cells per condition were harvested and washed before being homogenized
using Qiashredders (Qiagen), according to manufacturer’s instructions. RNA was then
extracted using RNeasy kits (Qiagen), using the manufacturer’s suggested protocol. An
optional RNase-free DNase (Qiagen) was step included for 20 minutes at RT between RLT
wash steps to remove genomic DNA and prevent downstream amplification of this during
gRT-PCR reactions. RNA was finally eluted in nuclease free water (Ambion). Each step was

performed using RNase-free filter tips (Axygen).

2.3.7 Reverse Transcription

RNA was reverse transcribed using a high-capacity RNA to cDNA kit (Applied Biosystems)
as per manufacturer’s instructions. Briefly, 500ng to 2ug of RNA was mixed with 2X
Reverse Transcriptase buffer and 20x Reverse Transcriptase enzyme mix to a total volume

of 20uL. This was reverse transcribed in PCR tubes for 1 hour at 37°C followed by 5 minutes
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at 95°C. The cDNA was then either stored at -20°C or processed immediately.

2.3.8 Semi Quantitative Real Time — PCR (qRT-PCR)

Semi Quantitative-PCR (qPCR) was carried out using TagMan chemistry, according to
manufacturer’s instructions (Applied Biosystems). Briefly, cDNA was diluted 10x in ddH,0
before a 10puL reaction mixture was made in each well of a MicroAmp Optical 96 well PCR
plate (Applied Biosystems), comprising of 4.5uL cDNA, 0.5uL appropriate gene-specific
TagMan primer (Applied Biosystems) and 5uL TagMan Universal PCR MasterMix (Applied
Biosystems). Plates were then centrifuged and gqPCR performed in Applied Biosystems
7500 RT-PCR machines with 40 standard cycles. CT thresholds were adjusted to be in the
exponential linear phase, and relative gene expression calculated as fold-change in
comparison to the GAPDH control. The difference in gene expression between treatments

were calculated using the 2-8Act

method. Briefly, this is derived from:
ACT= CT(target gene) — CT(Control gene)

AACT= ACT(target sample) — ACT(Control sample)

OR

AACT= (CT(Target gene, Pos sample) — CT(Ctrl gene, Pos sample))

— (CT(Target gene Ctrl sample) — CT(Ctrl gene, Ctrl sample))
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2.4 Cellular techniques

2.4.1 Flow cytometry

Cells were washed with PBS and where stipulated, incubated with a viability dye diluted
in PBS buffer for 10 minutes at 4°C away from direct light. Cells were then washed in FACS
buffer (2mM EDTA, 0.2% (w/v) Bovine Serum Albumin (BSA) in PBS) before addition of an
Fc-Receptor blocking reagent (BD Biosciences) for 5 minutes at RT in the dark. Cells were
then incubated with fluorochrome-conjugated surface-antigen specific antibodies diluted
in FACS buffer at the manufacturers recommended dilution, for 30 minutes at 4°C away
from direct light. Cells were then washed twice in PBS and fixed in 2% Para-formaldehyde
(Sigma) for 10 minutes at RT, before being washed twice and resuspended in FACS buffer.
If no viability dye was used previously, DAPI was added at a dilution of 1:10,000
immediately prior to analysis on Cyan ADP Flow Cytometers (Dako, Cambridgeshire, UK)

using Summit 4.3 software.

2.4.2 CellROX Red assay

Cells were incubated with 1uM CellROX Deep Red (Invitrogen) for 45 minutes in the dark

at 37°C and 5% CO2 before final harvesting. Cells were then prepared for FACS staining

and analysis as above, as the CellROX red reagent is a cell-permeable dye which fluoresces
with an absorption/emission maxima of 544/665nm upon oxidation, thereby permitting a

measurement of cellular ROS production.

2.4.3 Lentivirus particle production

1x10° HEK293T cells were seeded in each well of a 6 well plate using antibiotic-free D10.
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Media was refreshed with 2 mL before transfection the following day, when cells were 60-
75% confluent. For each well of HEK293T cells, transfection mixes contained 8 plL Fugene-
6 (Promega), 1.6 ug shRNA plasmid DNA (SHC216 scrambled, SHC203 GFP-encoding or
gene-specific shRNA-encoding)(Mission, Sigma), 1 ug PAX2 packaging plasmid (a gift from
Malin Parmar, Addgene 35002)*%, and 0.4 ug pMD2.G VSV-G encoding plasmid (a gift
provided by Didier Trono, Addgene 12259)%**. Mixes were made to 200 ulL (10% final well
volume) with OptiMem. When making LVPs for DC transduction, a second Vpx-encoding
LVP was produced in addition, which targets the restriction factor SAMHD1, preventing

365,366

dNTP degradation to increase transduction levels . For this, mixes per well of HEK293T
cells consisted of 8 uL Fugene-6, 0.4 ug pVSVg plasmid encoding VSV-G Env (a gift from
Tannishtha Reya, Addgene 14888)*°’, 2.6 ug pSIV3+ plasmid encoding Vpx (kindly provided
by Dr. Jonathan Maelfait, University of Oxford, Human Immunology Unit), and again this
was made up to 200 pL with OptiMem. After 15-30 minutes of incubation at RT, mixes
were added to HEK293T cells drop-wise. Media was refreshed after 16 hours and

transfection efficiency assessed by GFP-encoding plasmid expression, using an

epifluorescence microscope (Juli, NanoEntek) or Flow cytometry.
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Figure 2.1 Vector maps of lentiviral shRNA plasmids. Vector Map of GFP-expressing positive
control plasmid SHC203 (left), and general vector map for TRC2 backbone plasmids encoding
shRNA that targets no known genes (Scrambled) or genes of interest (right).
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2.4.4 Lentiviral transduction and stable cell-line selection

48 hours after transfection, LVP-containing supernatant was harvested and passed
through a 0.45 um pore (Sartorius), before being added immediately to cells of interest at
a ratio of 1 mL supernatant to 2x10° cells, for 3-4 hours. Following this, cells were washed
and resuspended at 1x10%/mL in their relevant growth media, with the addition of
penicillin, streptomycin and pre-optimised concentration of selection antibiotic where
appropriate. When making shRNA-expressing MoDCs, transduction was performed
immediately upon CD14+ cell isolation (Day 0), and IL-4 and GM-CSF added after the 3-
hour transduction period. Approximate transduction efficiency was determined using flow
cytometry, by assessing the proportion of cells expressing GFP from the LVPs made using

SHC203.

2.4.5 Confocal microscopy

1x10° cells were seeded into each well of an 8 well chamber slide (Lab-Tek, Nunc) 24 hours
prior to treatment. Chambers were pre-coated in 0.1 mg/mL Poly-L-Lysine (Sigma) for 30
minutes at RT before seeding suspension cells. After treatment, cells were washed 3x with
250 plL cold PBS, and fixed for 10 minutes at RT using 4% Paraformaldehyde (PFA). Cells
were washed twice more and permeabilised using 0.2% Triton X-100 in PBS for 7 minutes
at RT. 4 drops of Image-IT FX signal enhancer (Cell Signalling) was added to each well for
30 minutes at RT, before being washed 3x in PBS. Cells were incubated at RT for 90 to 120
minutes in blocking buffer (5% (v/v) FCS, 5% (v/v) human serum, 5% (v/v) Normal goat
serum, 1% (w/v) BSA, 0.1% (v/v) Triton X-100, in PBS). Primary antibody was then added
to blocking buffer at the manufacturer’s suggested or pre-optimised dilution, and 140 uL

of this mix added to relevant wells and incubated overnight at 4°C. Isotype IgG and
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unstained (blocking buffer only) controls were included to determine background binding
and specificity of antibodies. Cells were then washed 3x with PBS. Fluorophore-conjugated
species-specific secondary antibody (Alexa, Molecular Probes) was added to blocking
buffer at the manufacturer’s suggested dilution before 140uL was added to chambers and
incubated for 60 minutes at RT in the dark. In experiments requiring staining of multiple
target proteins, secondary antibodies’ host species were chosen with minimal cross
reactivity to prevent false positive signal. Control samples with primary antibody or
secondary antibody only were included to assess background fluorescence in each case.
Secondary antibody was washed off 3x in PBS and the chamber removed and air dried in
the dark for 20 minutes. Prolong Diamond Mounting medium containing DAPI (Cell
Signalling) was added to each well and a cover slip applied, which was sealed using
coverslip sealant (Biotium). Slides were stored at -20°C or processed immediately on a
Zeiss 780 Inverted Confocal Microscope. Images were saved as .czi files and analysed using

Fiji software.

2.4.6 Proximity Ligation Assay (PLA)

This procedure was carried out using Duolink In Situ Red reagents (O-Link, Sigma)
according to manufacturer’s suggested protocol. Cells were prepared as with the confocal
microscopy protocol above, up to and including incubation of primary antibodies. After
washing in PBS 3x, PLA PLUS (rabbit-specific) and MINUS (mouse-specific) probes were
diluted in blocking buffer. 70 uL was added to relevant chambers (covering the surface)
and incubated at 37°C for 1 hour. Mixes were removed and chambers washed in ‘Buffer
A’ twice. 70 pL Ligation mix was added to the chambers and incubated at 37°C for 30

minutes. Remaining steps were performed in low light. Ligase mix was removed and
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chambers washed twice in Buffer A. 70 uL Amplification mix was added and incubated at
37°C for 100 minutes. This was removed and chambers washed in Buffer B for 10 minutes,
and then once again for 1 minute. This was removed and slides air dried for 10-20 minutes
in the dark. DuoLink mounting medium containing DAPI was then added and slides sealed,

before being either stored out of direct light at -20°C or processed immediately.

2.4.7 Interferon Reporter Assay

HEK293-3C11 cells, stably expressing Luciferase under control of the ISRE promoter™ were
seeded into a flat-bottom 96 well plate at 2.5x10" cells per well in antibiotic-free D10.
Media was replaced 24 hours later with 50 pL in triplicate of either; IFNa standards (1x10*
U/mL 4x-serially diluted five times), media-only blank or supernatant from treated cells.
These were incubated for 24 hours before 50 uL OneGlo Luciferase reagent (Promega) was
added and mixed for 3 minutes at RT in the dark. 50uL of this mix was transferred to white

96 well plates (Costar), and bioluminescence read on a luminometer (GloMax). Results

were read as fold-change of luminescence against the media-only blank.
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Figure 2.2 IFN Reporter Assay workflow. THP-1 cells were treated, and supernatant containing
IFN taken 24 hours later. 293T cells transfected with plasmid encoding luciferase under the control
of ISRE promoter were incubated in collected supernatant or IFNa of standard concentrations for
24 hours, before luciferase substrate was added and luminescence read.
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2.5 Statistics
2.5.1 Statistical analysis

Numerical analysis was undertaken on Prism (GraphPad) software to determine statistical
significance in the mean values of experimental subgroups. Experiments consisting of two
sample groups and one comparative parameter only were analysed using the students t-
test (paired, two-tailed). Groups requiring multiple comparisons on a data set larger than
two samples were analysed by One-Way ANOVA, with Bonferroni post-test correction. All
Bar charts are displayed with error bars representing the mean +/- standard error of the

mean (SEM).
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2.6 Materials Appendix

Table 2.1 Antibodies used

Actin-HRP Sigma Ms A2228 WB 1:200,000
ATM Cell Signalling Rb 2873 WB 1:1,000
ATM (pS1981) Cell Signalling Rb 13050 WB 1:1,000
BARD1 Santa Cruz Rb sc-11438 WB 1:500
BRCA1 Cell Signalling Rb 9025 WB 1:1,000
BRCA1 Millipore Rb 07-434 IP 1:100
BRCA1l Santa Cruz Rb sc-642 IF 1:100
BRCA1l Santa Cruz Ms sc-6954 IF 1:100
BRCA1 (p1189) Bethyl Rb A300-003A WB 1:1,000
BRCA1 (p1387) Bethyl Rb A300-007A WB 1:1,000
BRCA1 (p1457) Bethyl Rb A300-009A WB 1:1,000
BRCA1 (p1466) Bethyl Rb A300-011A WB 1:1,000
BRCA1 (pS1524) Cell Signalling Rb 9009 WB 1:1,000
BRCA1 (pS1524) Santa Cruz Rb sc-101648 IF 1:100
Calreticulin Cell Signalling Rb 12238 WB 1:1,000
CD11c-PE BiolLegend Ms 301605 FC 1:250
CD86-PE BiolLegend Ms 305405 FC 1:250
CHK2 Cell Signalling Rb 6334 WB 1:1,000
CHK2 (pT68) Cell Signalling Rb 2197 WB 1:1,000
DC-SIGN-APC BioLegend Ms 330107 FC 1:250
EEA1 Abcam Ms Ab70521 IF1:100
Giantin Abcam Ms Ab37266 IF1:100
H2AX Cell Signalling Rb 7631 WB 1:1,000
H2AX (pS139) Cell Signalling Rb 9718 WB 1:1,000
IF 1:400
Histone H3 Cell Signalling Rb 4499 WB 1:1,000
HSP90 Cell Signalling Rb 4877 WB 1:1,000
LSD1 Cell Signalling Rb 2139 WB 1:1,000
MAVS Cell Signalling Rb 3993 IF 1:50
p38 (pT180/Y182) Cell Signalling Rb 4511 WB 1:1,000
p44/42 MAPK Cell Signalling Rb 4370 WB 1:1,000
(pT202/T204)
p44/42MAPK Cell Signalling Rb 4695 WB 1:1,000
pIRF3 (S396) Cell Signalling Rb 29047 WB 1:1,000
STING Abcam Rb Ab181125 IF1:100
TANK Cell Signalling Rb 2141 WB 1:1000
TBK1 Cell Signalling Rb 3504 WB 1:1,000
IP 5 ug/mg lysate
TBK1 Santa Cruz Ms sc-398366 IF 1:100
TBK1 (pS172) Cell Signalling Rb 5483 WB 1:1,000
IF1:100
TOM20 Santa Cruz Ms sc-17764 IF 1:100
Ubiquitin Cell Signalling | Ms 3936 WB 1:1,000
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Table 2.2 shRNA plasmids used

BRCA1 | CCGGACTGATACTGCTGGGTATAATCTCGA | TRCNO000244987
GATTATACCCAGCAGTATCAGTTTTTTG

BRCA1 | CCGGTTGCAACCTGAGGTCTATAAACTCGA | TRCNO000244986
GTTTATAGACCTCAGGTTGCAATTTTTG

BRCA1 | CGGGAGTATGCAAACAGCTATAATCTCGA | TRCNO000244984
GATTATAGCTGTTTGCATACTCTTTTTG

BRCA1 | CCGGAGAATCCTAGAGATACTGAACTCGA | TRCNOOO0010305
GTTCAGTATCTCTAGGATTCTCTTTTTG

TBK1 CCGGGCGGCAGAGTTAGGTGAAATTCTCG | TRCNO000314840
AGAATTTCACCTAACTCTGCCGCTTTTTG

Table 2.3 PRR agonists used

cGAS E. Coli dsDNA | Invivogen
NOD2 MDP Invivogen
RIG-I IVT dsRNA In-House
STING (Adaptor) 2'3'-cGAMP Invivogen
TLR2 Pam3CSK4 Invivogen
TLR3 Poly (I:C) Invivogen
TLR4 LPS Invivogen
TLR5 Flagellin Invivogen
TLR8 R848 Invivogen
TLR9 CpG ODN 2216 | Invivogen
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3 BRCAlis phosphorylated upon PRR agonism in a DNA Damage-

independent manner

3.1 Introduction

Protein phosphorylation on serine, threonine and tyrosine residues is an essential
regulatory PTM employed to co-ordinate signal transduction pathways in almost all
cellular processes. Phosphorylation dynamics are controlled by kinases and phosphatases,
which respond to intracellular and extracellular stimuli to initiate a response. The addition
and removal of phosphate groups can alter a protein’s activity, localisation, stability and
interacting partners. Moreover, it provides a mechanism for rapid, reversible regulation
of protein activity, bypassing the requirement for de novo protein synthesis. Signal
amplification can also occur, with a single kinase or phosphatase regulating many
substrate proteins, thereby facilitating a robust response to proportionally small amounts
of stimuli.

d3%® with

It is estimated that at least 30% of all eukaryotic proteins can be phosphorylate
at least 100,000 distinct phosphorylation sites in existence across the proteome. Progress
in mass-spectrometry (MS) based proteomics, which has vastly accelerated due to
advances in instrument performance and power of computational biology, has made it
possible to dissect large sets of data and quantitatively profile protein phosphorylation on
a proteome-wide scale®®.

In addition to being used to identify kinases, phosphatases and substrates, including their

exclusive phosphorylation sites and cellular circumstances regulating these, this approach

can be used to uncover direct or indirect relationships between whole signalling networks.
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Indeed, such methods have led to the identification of valuable therapeutic targets in

371,372

many diseases>’° including multiple cancers as well as neurodegenerative, metabolic

and immune disorders in which phosphorylation defects can be a causative factor’”>?’%,

PRR activation is one such signalling module which relies heavily on PTMs for regulation
of protein activity. Phosphorylation events in these pathways can be observed generally
within minutes of immune stimuli being applied, due to the triggering of kinase cascades
which result in the activation of NFkB, IRFs and MAPKs. The phosphorylation of target
proteins can be activatory or inhibitory, as is the case with IkB, in which phosphorylation

permits disengagement and loss of inhibition of the NFkB complex®”®

. Regulators of
proteins can also be themselves regulated by phosphorylation in the same way, together
forming a complex web of phosphorylation.

APCs express a large repertoire of PRRs in order recognise the widest range of pathogens
possible. A limited number of phosphoproteomic studies have recently been performed
after stimulation of different PRRs***>%?, highlighting novel regulators of the immune
response. Interestingly, proteins belonging to networks outside of immune regulation
were identified, indicating crosstalk between signalling pathways. LPS stimulation of TLR4
prompted phosphorylation events in the DDR kinases ATM, ATR, CHK1 and Aurora A’®2,
suggesting that components of the DDR are activated in response not only to
consequential sensing of foreign nucleic acids as recent literature suggests, but also in a
more general context. Aside from these few specific studies, phosphoproteomic data after
general PRR activation is sparse. Notwithstanding this, Dr. Tessa Steevels and Dr. Alistair
Leslie of the Simmons lab performed quantitative phosphoproteomic screens in MoDCs of

five blood donors after agonism of TLR2 and TLR8, respectively. In these, lysate from

stimulated cells was phospho-enriched using a commercial kit which relies on affinity
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chromatography techniques. Peptide fragments were then generated after trypsin
digestion, before being loaded onto an Orbitrap Velos high capacity ion trap mass-
spectrometer. Raw data was run through the Mascot proteomics server, in collaboration
with Dr. Benedikt Kessler (Core Proteomics Facility, University of Oxford) and the
Computational Biology Research Group (University of Oxford). The large data-set
generated, which identifies proteins as phosphorylated or dephosphorylated versus an
unstimulated control, was then analysed using gene ontology databases to reconstruct
signalling networks and subnetworks. This can then be used to identify novel proteins
phosphorylated upon the given stimulus, and interactions between distinct signalling

pathways.

3.2 Aims

Accounting for the phosphoproteomic study which reported DDR kinases as differentially
phosphorylated upon TLR4 stimulation in macrophages>?, and the accumulation of recent
data which suggests direct roles for DDR proteins in innate sensing of DNA3%3>%3%3,356-360
aims of this part of the study were to identify any DDR proteins as phosphorylated in the
nucleic acid-free screens performed within our group. Additionally, the kinetics of such
phosphorylation were investigated, as was the exclusivity of these events in PRR-induced
signalling pathways; that is, whether phosphorylation of DDR proteins is restricted to
activation of specific PRRs or whether it is a more general phenomenon. Further to this,
studies were undertaken to determine whether any phosphorylation events were due to

consequential induction of DNA damage after PRR agonism, or if the activation of such

proteins was DNA damage-independent.
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3.3 Results

Data sets from both in-house screens (TLR2 and TLR8) were analysed, and a threshold
established for a protein to be deemed as ‘significantly’ differentially phosphorylated after
stimulation; this was restricted to a 50% median increase or 33% median decrease. To
identify proteins relating generally to DNA Damage and repair in the remaining data,
Amigo2 gene ontology web software was employed. The ontology term ‘DNA Repair’
(GO:0006281), whose ‘children’ ontology groups and gene products relate to all aspects
of the DDR, was used as a dynamic and broad search parameter. Indeed, each screen
identified distinct DNA Repair proteins as significantly phosphorylated or

dephosphorylated upon PRR stimulation (Table 3.1A, B).

TLR2 stimulation TLR8 stimulation

Protein Fold Change Protein Fold Change

FTO 2.028061126 CDK7 1.877716469
RECQL 1.799989221 H2AFX 0.583353507
Pold1l 1.651478922 EGFR 0.018571541
BRE 0.663759617 RPS27A 0.60356345
Hist3h2a 0.619377578 MLH3 0.579102265
UVRAG 0.294081377

XAB2 0.17637686

OTUB1 0.563095052

Table 3.1 Proteins differentially phosphorylated upon TLR2 and TLR8 stimulation. MoDCs from 5
individual blood donors were stimulated with A. 1 pug/mL Pam3CSK4 or B. 1ug/mL R848 for 1h
before phosphoprotein enrichment. Lysate was trypsinised and subjected to LC-MS/MS, and data
run through MASCOT proteomics server. Data was then applied to the Amigo2 gene ontology
server using the ontology term ‘DNA Repair’ and proteins relating to this network identified as
significantly differentially phosphorylated tabulated.
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3.3.1 MoDC generation and maturation capacity

CD14+ monocytes were isolated from peripheral blood and cultured for 5 days in the
presence of IL-4 and GM-CSF to induce their differentiation to immature MoDCs. The
purity and differentiation status was occasionally assessed immediately after isolation and
after the 5-day culture period using flow cytometry. A high percentage of cells expressing
CD14 at day 0 demonstrated a successful monocyte isolation. This CD14 expression was
expected to decrease as cells differentiate. Contrastingly, the DC marker DC-SIGN
increased from very low to very high over the 5-day culture period (Figure 3.1A)

The ability of differentiated MoDCs to mature after activation was then assessed, by their
surface expression of CD83, CD86 and HLA-DR®33%¢ Different PRR ligands were titrated
and added to day 4 MoDCs, before harvesting and flow cytometric analysis 24 hours later
A representative experiment using CD86 as a maturation marker after Poly I:C stimulation

is shown (Figure 3.1B).
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Figure 3.1 Dendritic cell isolation and maturation Representative Flow cytometry data performed
with Dr. Jonathan Maelfait using cells 5 days post-CD14+ isolation and incubated in 40ng/mL IL-4
and GM-CSF. A. Gating strategy to isolate live single DC-SIGN positive dendritic cells using DAPI
and DC-SIGN-APC conjugated primary antibody. B. MoDCs untreated or stimulated with 1 pg/mL
Poly (I:C) for 16 hours, stained with anti CD86-Violet antibody.
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3.3.2 Optimisation of stimulation and phospho-enrichment

A secondary smaller WB screen was then undertaken to validate the phosphorylation of
any DDR proteins upon PRR stimulation, using screening conditions originally used by Dr.
Tessa Steevels and Dr. Alastair Leslie. MoDCs were harvested after 5 days and incubated
with the TLR2 and TLR8 agonists Pam3CSK4 and R848, respectively. Additionally, cells were
incubated with etoposide (ETO) for one hour as a positive control, as this induces multiple

385,386

forms of DNA damage . Samples were then subjected to phosphoprotein enrichment
and WB. Increased visual density of p44/42 MAPK, a protein broadly phosphorylated in
innate immune signalling, in fractions phospho-enriched after PRR activation but not
etoposide treatment, confirmed successful enrichment and stimulation of cells (Figure
3.2). Likewise, reduction in density of B-Actin in enriched samples also demonstrates
successful enrichment whilst allowing an indirect loading control of enriched samples, as
equilibrated amounts of whole cell lysate (WCL) from each sample was loaded onto
enrichment columns. Secondary fluorescent antibodies (Li-COR) were used in this initial

set-up experiment as they allow co-probing for two proteins of similar molecular mass

with use of primary antibodies raised in different species, as lysate was limited.

Whole Cell Lysate Phospho-enriched

Pam3: - + - - - + -
R848: - - + - - - + -
ETO: - - - + - - - +
M- — - =
A= =%

. B-Actin

B r-paaja2 mark

Figure 3.2 Successful phosphoprotein enrichment and cell stimulation. WB of whole cell lysate
and phospho-enriched samples using anti p-p44/42 MAPK and B-actin primary antibodies, and
LiCOR secondary antibodies after MoDCs were stimulated with 1pug/mL Pam3CK4, 1ug/mL R848,
or 100 uM etoposide 1h and subject to phosphoprotein enrichment. D1 and D2 denote donors.
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3.3.3 BRCA1l is rapidly phosphorylated at S1524 upon agonism of multiple PRRs
After successful stimulation and enrichment procedures were confirmed, the
phosphorylation status of major DDR proteins was assessed in both PRR-stimulatory
conditions, using the method above. One protein which was reproducibly identified as
increased upon WB using phospho-enriched samples of stimulated MoDCs was the
tumour suppressor protein BRCA1 (Figure 3.3). Interestingly, this protein was not
phosphorylated by etoposide at this timepoint, which is unexpected as etoposide is known

to induce BRCA1 phosphorylation at this residue®®

. Other general markers of DNA damage
such as CHK2 and H2AX were phosphorylated with etoposide treatment. Contrastingly,
CHK2 and H2AX phosphorylation were not visible in TLR2 and TLR8 stimulated conditions,
where BRCA1 was. Other DDR-related proteins such as ATM, ATR, CHK1, p53, Rad23,
Rad50, MRE11, NBS1 and DNA-PK were also assessed and no phosphorylation was
detected (data not shown).

Detection of p44/42 MAPK again served as an innate immune specific activation marker
for these. This result was reproduced using cells from 7 consecutive individual blood

donors. Together, this suggested that BRCA1 may be activated in DCs in an alternative

pathway to DNA Damage.
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Figure 3.3 BRCA1 is phosphorylated upon PRR stimulation. WB of phospho-enriched samples
after MoDCs were stimulated with 1pg/mL Pam3CK4, 1ug/mL R848, or 100 uM etoposide for 1h,
using primary antibodies recognising total protein levels of BRCA1, CHK2, H2AX, p44/42 MAPK and

B-actin.
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A more focussed screen of BRCA1 phosphorylation was then undertaken to determine
specific residues modified after PRR activation. Cells were stimulated with the TLR2 ligand
Pam3CSK4 and WB performed using antibodies which recognise exclusive BRCA1
phosphorylation sites (reviewed in?®?) (Figure 3.4). Multiple different residues of BRCA1
were seen to be phosphorylated upon agonism of TLR2, including S1466 and S1189. The
biological relevance of phosphorylation of these residues is currently unknown?®%.
However, these events were relatively weak in comparison to phosphorylation of $1524

(Figure 3.5).

Pam3CSK4: - + -
ETO: - - +

WS S b BRCA1 (51466)

) S—
[S—| B-Actin

-~ |pBRCA1(51387)
[ -Actin

p-BRCA1 (51457)

[ S—— 5-Actin

p-BRCA1 (51189)

Figure 3.4 Different BRCA1 residues are phosphorylated in response to PRR activation. WB on
total cellular lysate after MoDCs were stimulated with 1pg/mL Pam3CK4 or 100 uM etoposide for
1h, using primary antibodies specific to different phosphorylated residues of BRCA1 and B-actin.
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The concentrations of agonists activating a range of PRR families were titrated, spanning
MyD88-dependent and independent TLRs, RLRs, NLRs, and CDSs. Specifically, Pam3CSK4
is a synthetic triacylated lipopeptide agonist of the plasma membrane TLR2**” which
signals via MyD88 to potently induce NFkB activation and inflammatory cytokine
production, before being internalised to endosomal compartments to promote type I IFN

388-391

signalling (Figure 3.5A). LPS on the other hand activates TLR4 signalling, initially via

MyD88, before it is endocytosed and signals endosomally via TRIF to produce type | IFN*%
(Figure 3.5B). Flagellin, a bacterial flagellum protein, activates TLR5 which again signals
from the plasma membrane via MyD88 to activate NFkB and induce inflammatory cytokine
production®*® (Figure 3.5C). Muramyl-dipeptide (MDP) is a bacterial peptidoglycan motif
which is recognised specifically by cytosolic NOD2*** which works through RIP2 and CARD9

to induce NFkB signalling®®

(Figure 3.5D). The cytosolic RLR RIG-I was stimulated by
transfecting in vitro transcribed (IVT) RNA which has a characteristic 5’-triphosphate
moiety that is detected by RIG-I*® (Figure 3.5E). E. Coli dsDNA (ECD) of different lengths

was transfected to activate CDSs**

(Figure 3.5F). Additionally, exogenous second
messenger 2’-3’ cGAMP was transfected as a stimulus (Figure 3.5G). As this molecule is
catalytically produced downstream of cGAS-mediated DNA sensing to activate the adaptor
STING™, use of this would help to determine whether the phosphorylation of BRCAL is a
direct result of PRR activation, or whether it is part of a signalling event downstream of
adaptor recruitment. Finally, whole pathogen was used to stimulate cells. In this case, the
murine parainfluenza Sendai virus (SeV) was used, with varying multiplicity of infections
(MOI) (Figure 3.5H). This virus has a negative sense, single strand RNA genome, and has

been shown to infect human cells and activate RIG-I signalling®*®. All agonists were

incubated with cells for 1 hour prior to lysis, except transfected ligands (cGAMP, IVT, ECD)
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which were incubated for 90 minutes to allow for time taken to enter the cell. WB for
phospho-BRCA1 (S1524) (pBRCA1) was then performed, along with total BRCA1 as a
control. Antibody against phospho-p38 (T180/Y182) (p-p38) was used as a positive control
in each sample, as this is another MAPK that can be used as a general marker of immune
activation. Once optimal concentrations of each agonist was determined to visualise
BRCA1 phosphorylation, a kinetic time-course experiment was performed with each
stimulus using the pre-optimised concentration or amount of each, as determined in the
left hand panels. Detection of pBRCA1 was observed relatively swiftly upon stimulation

with all agonists, from as early as 15 to 30 minutes.

A Pam3CSK4 (ng/mL): Time (mins):
0 10 100 1000 0 15 30 45 60 90 120
pBRCA1
(51524) -— - o ——
PP e - - | | e
(T180/Y182)
B-Actin | wmeemea | | SEP————
t=60 minutes 1pg/mL Pam3CSK4
B LPS (ng/mL): Time (mins):
0 10 100 1000 (@ 15 30 45 60 90 120
pBRCA1
(s1524) - -— - . .
BRCA1 ————— S — —
PP38 | . - - e
(T180/Y182)
B-Actin | “E———— L ———— - G—
t=60 minutes 100ng/mL LPS
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Figure 3.5 BRCA1 is phosphorylated at S1524 upon incubation with multiple immune stimulatory
species. WB for pBRCA1, total BRCA1, p-p38 and B-actin using cellular lysate from MoDCs
stimulated with A. Pam3CSK4 B. LPS C. Flagellin D. MDP E. IVT dsRNA F. E Coli dsDNA G. 2’-3’
cGAMP H. Sendai Virus, at various concentrations (left panels) and over time (right panels).

3.3.4 The antibody used to detect pBRCA1 (S1524) is phospho-specific

MoDCs were then treated with IVT RNA or bleomycin, another DNA-damaging agent which
can induce SSBs and DSBs>"". This was carried out in the presence or absence of lambda-
phosphatase, which is a Mn*-dependent broad-spectrum phosphatase that cleaves

phosphates from serine, threonine and tyrosine residues. Induction of pBRCA1 can be
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seen with both IVT and bleomycin (Figure 3.6), although phosphorylation is much more
visible after incubation with the RIG-I agonist. Addition of lambda-phosphatase reduces
the phosphorylation markedly, demonstrating that the antibody is indeed specific for

phosphorylated BRCAL.

IVTRNA: =~ + + - -
Bleomycin: = - - + +
A-Phos.: -~ - + - +
PBRCA1 —
(51524)
BRCA1 —
B-Actin S ———— —

Figure 3.6 Lambda phosphatase treatment of cellular lysate. WB for pBRCA1, total BRCA1 and -
actin on lysates from MoDCs stimulated with 2ug/mL IVT RNA for 90 minutes. Lysate was
incubated in the presence or absence of Lambda phosphatase (A-phos) at a concentration of 20 U
per 50 ug lysate, for 30 minutes at 30°C prior to SDS-PAGE.
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3.3.5 BRCA1l phosphorylation after PRR stimulation is DDR signalling-
independent

BRCAL1 is usually phosphorylated in response to a range of DNA Damage stimuli, where it
acts at multiple levels to direct DNA repair and regulate cell survival and proliferation”’.
In particular, the phosphorylation of $1524 is thought to be mediated by ATM in response
to DSB formation and radiation, for example by treatment with etoposide or after UV or

282,398
IR exposure™~

. It was therefore sought to establish whether the increase in pBRCA1
after PRR activation was due to induction of DNA damage, for example by the
characteristic increase in ROS production after APC activation, or if the phosphorylation is
a direct result of PRR signalling.

Firstly, MoDCs were treated with etoposide or bleomycin at different concentrations to
establish optimal conditions to capture DDR signalling in these cells, to serve as a positive
control in further experiments. Indicative of DSB formation®*>*%, pATM (S1981) increases
in a dose-dependent manner upon incubation with both etoposide (Figure 3.7A) and
bleomycin (Figure 3.7B), whilst total ATM remains stable. Similarly, after incubation with
100 uM or 10 uM bleomycin, pCHK2 which is usually induced by autophosphorylation or

by ATM kinase activity after DNA damage sensing is increased®*

. Curiously, pCHK2 can
only be seen with incubation of cells in 10 uM etoposide at this 1 hour timepoint, perhaps
due to high levels of damage incurred with 100 uM inducing pCHK2 at an earlier timepoint.

Interestingly, pBRCA1 does not increase with any concentration of either DNA-damaging

agent, whilst total BRCA1 expectedly remains stable in each sample.
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Figure 3.7 Optimisation of DNA Damaging agent concentrations. WB using p-ATM, total ATM, p-
BRCA1, total BRCA1, p-CHK2, and B-actin after MoDCs were treated with differing concentrations
of etoposide or bleomycin for 1h.
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In order to assess the kinetics of DNA damage signalling and whether this is
circumstantially variable for BRCA1 phosphorylation, this experiment was repeated using
100 uM of each DNA damaging agent, which induced the highest level of pATM previously.
Additionally, a sample using cells treated with 100 ng/mL LPS for 1 hour was included as a
positive control for BRCA1 phosphorylation at $S1524, as pre-optimised earlier (Figure
3.5B). Here, peak levels of pATM were observed between 0 and 15 minutes of incubation
with etoposide (Figure 3.8A), and between 45 and 90 minutes of bleomycin treatment
(Figure 3.8B), before returning to basal levels in both. pCHK2 after etoposide treatment
was detected between 0 and 15 minutes before decreasing back to basal levels, explaining
why this was not visible when 100 uM was used for 1 hour in Figure 3.7. Mirroring pATM,
pCHK2 appearance upon treatment with bleomycin occurs later, with peak levels observed
at 45 to 90 minutes. Finally, yH2AX is detected after 3 hours or 45 minutes of etoposide
or bleomycin treatment, respectively. Use of neither treatment at any timepoint induces
pBRCA1, which is strongly induced in the LPS treated sample. Conversely, neither pATM
nor pCHK2 appear to be increased in this sample, suggesting BRCA1 phosphorylation in

PRR-activatory conditions bypasses upstream DNA damage signalling.
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Figure 3.8 Etoposide or bleomycin-induced DNA Damage does not result in increased
pBRCA1(S1524). Immunoblot for p-ATM, pBRCA1, p-CHK2, p-H2AX and B-actin on lysates from
MoDCs after incubation with A. 100 uM etoposide or B. 100 uM Bleomycin for various times, or
alternatively with 100 ng/mL LPS for 45 minutes.
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To further investigate this phenomenon, an inverse experiment was undertaken; samples

subjected to time-course incubations with different PRR ligands or etoposide were

assessed by WB. This showed that no DNA damage signalling, via ATM or CHK2, is induced

upon innate PRR stimulation, as is seen with etoposide (Figure 3.9). Together, this shows

that BRCA1 is not phosphorylated downstream of activation of DNA damage signalling.
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Figure 3.9 PRR agonism does not induce DNA damage signalling. MoDCs were stimulated with A.
1 pg/mL Pam3CSK4 B. 100 ng/mL LPS C. 100 ng/mL Flagellin D. 2 pg/mL IVT dsRNA E. 2 ug/mL E.
Coli dsDNA F. 1 pg/mL 2’-3’ cGAMP for various times, or with 100 uM etoposide for one hour.

Immunoblot for p-ATM, p-CHK2 and B-actin shown.
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3.3.6 BRCA1 phosphorylation is independent of genotoxic stress

The alkaline comet assay (also known as single cell gel electrophoresis) was then employed
to test whether any physical DNA damage is accumulated upon PRR activation. This
procedure is very sensitive and can allow rapid evaluation and quantification of DNA

Damage in a cell*®

. Types of damage detected include DSBs, SSBs, alkali labile sites,
oxidative base damage and DNA cross-links*°%. Cells are treated and placed in an agarose
bilayer before all components are stripped with an alkaline lysis buffer, leaving only
genomic DNA. This is then unwound before being horizontally electrophoresed, with
broken segments of DNA migrating faster due to decreased size, leaving a distinctive
‘comet’ tail preceding an intact genomic DNA head (Figure 3.10A). Stained DNA is then
subjected to Komet software analysis, which calculates the head to tail ratio, which is
directly proportional to the amount of DNA damage. This so called Relative Tail Moment
is calculated for 50 cells in each sample and used for statistical analysis.

An initial time course experiment was performed to optimise the conditions for DNA
Damage detection after incubation with 100 uM of etoposide or bleomycin (Figure 3.10B).
Highest levels of DNA damage were detected after 2 hours of incubation of each DNA-

damaging agent, but cell viability also dropped heavily at this time in each case (Figure

3.10C), so 1 hour incubations were taken forward for further experiments.
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Figure 3.10 Optimisation of DNA Damage induction. MoDCs were incubated with 100 pM
etoposide or bleomycin for various times, before being subject to the alkaline comet assay. A.
representative image of an untreated or etoposide treated cell. B. Relative tail moment taken from
50 cells per condition after a time-course incubation with 100 uM of etoposide or bleomycin C.
Cell viability for each sample measured by Trypan Blue staining. Results representative of

experiments performed on cells combining three individual blood donors. ****p<0.0001
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A time course experiment was then performed incubating cells with either Pam3CSK4 or
etoposide (Figure 3.11). Alkaline comet assay was once again undertaken, and pBRCA1
tracked by WB for each sample. Additionally, p-p38 and p44/42 MAPK were probed to
determine successful immune stimulation, whilst yH2AX was used as a marker for DNA
damage signalling pathway activation. Representative images demonstrate a large comet
tail induced with use of etoposide, but not after incubation with Pam3CSK4 at any
timepoint. This translates in Relative Tail moment calculations, with etoposide inducing
high levels of DNA damage, in addition to increased yH2AX detection by WB. Pam3CSK4
stimulation on the other hand does not induce any DNA Damage of yH2AX activation.
Again, pBRCA1(S1524) appears exclusively after PRR agonism in MoDCs, whilst remaining

stable upon induction of DNA damage by etoposide.
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Figure 3.11 PRR stimulation does not induce DNA Damage. MoDCs were stimulated with 1 pg/mL
Pam3CSK4 for various times or 100 uM etoposide for 90 minutes before alkaline comet assay was
performed. Representative images shown for each sample (left) and relative tail moment
calculated from 50 cells per condition (top right). WB analysis of each sample was also performed
(bottom right). Results representative of experiments performed on cells combined from three
individual blood donors. ****p<0.0001
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To determine whether this DNA damage-independent activation of BRCA1 is a general
reaction to PRR activation, the experiment was repeated using multiple PRR agonists to
activate a variety of receptor families, using the concentrations of each optimised in Figure
3.5. In addition, etoposide and bleomycin were used again as positive controls to induce
DNA damage. Incubation with any PRR agonist for 45 minutes (Figure 3.12A) or 90 minutes
(Figure 3.12B) did not result in increased DNA damage, apart from LPS which induced very
little in comparison to etoposide and bleomycin. This ligand is historically known to be
genotoxic4°3, providing an explanation for the small amount of damage seen at this time

point.
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Figure 3.12 MoDC stimulation with multiple PRR agonists does not induce DNA damage. MoDCs
were stimulated with 100 uM bleomycin, 100 uM etoposide, 1 pg/mL Pam3CSK4, 100 ng/mL LPS,
2 pug/mL IVT dsRNA or 2 pg/mL E. Coli dsDNA, for either A. 45 minutes or B. 90 minutes before
alkaline comet assay was performed, and relative tail moment of 50 cells per sample taken. Results
representative of experiments performed on cells combined from three individual blood donors.
***%<0.0001
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3.3.7 BRCA1 phosphorylation after PRR stimulation is independent of oxidative
stress

APCs such macrophages and DCs undergo large metabolic reprogramming upon

404,405

activation, which often leads to vastly increased production of cellular ROS that can

have direct signalling properties in addition to providing a cell survival signal*®. These ROS

have also been reported to have direct antimicrobial properties*®’%.

Although the oxidative burst is less intense in DCs than neutrophils, its induction can
nevertheless induce oxidative damage to both genomic and mitochondrial DNA**°,
Therefore, it was important to interrogate whether increased cellular ROS production in
MoDCs can trigger the phosphorylation of BRCA1 prior to any physical damage induced.

Under DNA-damaging conditions, ATM autophosphorylates at S1981 which induces the

dissociation of subunits from an inactive homodimer complex*****

, to allow active
monomers to co-ordinate DNA repair which includes phosphorylation of BRCA1l at
$1524*". Incubation of cells with H,0, has been shown to activate ATM to mediate an

414,415
d

appropriate response against the oxidative stress incurre . This activation can be

416

prevented by treatment with the antioxidant N-Acetyl cysteine (NAC)™". Incidentally, loss

of ATM in AT patients is characterised by vastly increased cellular ROS levels and increased

susceptibility to ROS-inducing agents***"

. Interestingly, this activity of ATM was
demonstrated to be prompted in a DNA damage-independent manner, whilst the
configuration of active ATM in this circumstance is not as a phosphorylated monomer as
in DNA damaging conditions, but as a dimer held together by covalently-linked disulphide
bonds which requires an oxidative environment for its formation*'®. Native PAGE was

therefore undertaken to assess whether ATM is activated in this fashion after PRR

activation and the subsequent oxidative burst, as opposed to phosphorylation at S1981
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which was shown to be absent upon PRR activation. This was chosen in addition to the
comet assay, in case dimerisation provides a more sensitive approach to detecting
oxidative stress-induced ATM activation, which could therefore activate BRCA1. MoDCs
were stimulated with Pam3CSK4 for various times, or with etoposide as a positive control,
before cells were lysed and Native PAGE undertaken. Using representative results from
cells of two blood donors, the visual density of ATM monomer (350kDa) and ATM dimer
(700kDa) levels does not change significantly over the time-course tested or with
etoposide treatment, suggesting ATM is not activated by dimerisation upstream of BRCA1
phosphorylation (Figure 3.13). As the gel chemistry used (Tris-Acetate) was optimised to
detect such large protein components, no direct loading control was possible, but ATM

monomer levels can indirectly serve this purpose in this instance.
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Figure 3.13 Native PAGE shows ATM dimer levels do not change upon PRR activation. MoDCs
were incubated with 1 ug/mL Pam3CSK4 for various times, or 100 uM etoposide for 1h before
Native Page was performed to assess levels of ATM monomer and dimer. Immunoblot with anti-
ATM antibody shown.
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To determine whether cellular ROS produced generally downstream of phagocyte
activation could promote the direct phosphorylation of BRCA1 at S1524, in the absence of
DNA damage signalling or oxidation-induced ATM activation, the CellROX red assay was
employed. This procedure uses a cell permeable dye which exhibits bright fluorescence
with an emission maxima of 655nm upon oxidation by ROS, thereby permitting
measurement of oxidative stress in a cell by flow cytometry. As a positive control, cells
were incubated with Tert-butyl-hydroperoxide (TBHP), a potent ROS inducer*®**. This
was either in the presence or absence of N-Acetyl cysteine (NAC), an antioxidant that

d*?? to prevent oxidative DNA Damage”*.

promotes the neutralisation of the ROS produce
Firstly, titrated concentrations of both TBHP and NAC were tested and optimal
concentrations for use in MoDCs was determined (Figure 3.14A). Cells were then treated
with these concentrations of either TBHP alone or in conjunction with NAC for one hour,
whilst a Pam3CSK4-stimulated sample served as a positive control for BRCA1l
phosphorylation. Cells were lysed and pBRCA1 levels assessed by WB (Figure 3.14B).
Treatment with TBHP alone or in conjunction with NAC did not induce an increase in
pBRCA1l levels, in comparison to Pam3CSK4-mediated TLR2 stimulation. This

demonstrates that BRCA1 phosphorylation is not prompted by large increases in cellular

ROS and its associated genotoxic stress.
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Figure 3.14 BRCA1 phosphorylation is independent of ROS production. A. Flow cytometric (FACS)
gating strategy to isolate only viable MoDCs using LiveDead Violet stain and anti CD11c-PE
antibody as a DC marker B. FACS analysis of CellROX red fluorescence, relating to cellular ROS
levels after incubation of MoDCs with different concentrations of TBHP (T) or NAC (N) for 1h. C.
WB analysis after incubation of MoDCs with 1 pg/mL Pam3CSK4, or optimal concentrations of
TBHP (250 uM) and/or NAC (10mM) for 1h.
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3.4 Discussion

In this part of the study, | demonstrate for the first time that the pleiotropic protein BRCA1,
well-known for its multiple roles relating to DNA damage and repair, is phosphorylated
upon activation of a range of PRR families in MoDCs. In particular, Serine 1524 was
identified as a heavily phosphorylated residue after agonism of members of cell surface
and endosomal TLRs, cytosolic DNA and RNA sensors, NLRs and also in response to whole
pathogen in the form of Sendai virus. Interestingly, very small amounts of non-transfected
agonists are needed to induce this phosphorylation, showing a high sensitivity to PRR
activation.

Ordinarily, ATM phosphorylates BRCA1 at $1524 predominantly after IR and UV**®**3
exposure at its consensus sequence (S/T-Q) to promote cell survival by permitting
interaction with the antiapoptotic protein XIAP, which is important in radio-resistance.
Unexpectedly here, although use of genotoxic agents succeeded in inducing DNA damage
and signal transduction via H2AX, ATM and CHK2, BRCA1 phosphorylation at S1524 was
unaffected, suggesting that this event is reserved for DDR-independent functions in these
cells.

The data also shows that this phosphorylation of BRCA1 is rapid, and kinetics demonstrate
that the pathway which regulates this is different to that of p38, as different PRR agonists
show non-overlapping kinetics for phosphorylation of each of the two proteins. The
treatment of cells with PRR agonists does not activate DDR signalling by ATM, CHK2 or
H2AX, nor does it induce the accumulation of any physical DNA damage as assessed by the
alkaline comet assay and ATM dimerisation. Similarly, | demonstrated that induction of

high levels of cellular ROS, often seen after APC activation, does not induce pBRCA1.
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It is important to recognise that BRCA1 and other upstream DDR proteins detected in this
study such as ATM and CHK2 are indeed expressed in MoDCs and can be functionally

activated to a high level in these cells, which is somewhat unexpected as MoDCs are

424,425

terminally differentiated primary cells with no proliferative capacity . They in theory

426427 35 they need not pass on their genetic

should express low levels of DDR components
material like stem cells would. Nonetheless, certain pathways are expressed in terminal
cells to protect transcriptionally active sequences*?®. However, it has been noted that
dendritic cells and macrophages have an increased expression of DDR proteins compared

429430 \yhilst BRCA1 is well expressed in immune cells generally

to progenitor monocytes
(Figure 3.51). The reasons for this are still undefined, although it is thought that this may
protect against oxidative stress induced after activation. However, given the multiple

publications identifying distinct immuno-regulatory roles of DDR proteins®>*3>*3°¢3¢0,

237,431
2% and an

reports of DNA damage-independent activation of proteins within the DDR
acceptance that there are as-yet undefined non-tumour suppressor functions of

BRCA1?72?%%%° it is conceivable that BRCA1 expression is relatively high in myeloid-

derived cells to confer a specific functional role in immune signalling.
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Figure 3.S1 BRCA1 RNA and expression profile in different tissues and organs. A. General RNA
and protein expression of BRCA1 in different areas of the body. B. Distinct protein expression
profile in organs, ranked highest to lowest. C. RNA expression profile in organs (taken from RNASeq
data, ranked highest to lowest. All taken from proteinatlas.org
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4 BRCA1 phosphorylation at $1524 occurs downstream of TBK1

activation at Giantin-containing perinuclear zones

4.1 Introduction

BRCAL1 is usually phosphorylated in a cell cycle-dependent manner in response to different
genotoxic stresses; each of these in turn will induce the phosphorylation of one of the 15
thus-far identified distinct phosphorylation sites within the protein, 12 of which reside

between amino acids 1148 and 1542°%

. Much complexity exists in BRCA1 phosphorylation
patterns, with putative upstream kinases such as ATM and ATR reported to phosphorylate
BRCAL1 at exclusive or overlapping residues, dependent on the specific genotoxic insult

incurred**®

. ATM is the only kinase currently known to directly mediate phosphorylation
of BRCA1 at S1524°%% an event which has been proposed to regulate the G2/M
checkpoint®*? and cell survival in response to radiation damage, in addition to preventing
binding of XIAP to caspase 8 to promote caspase 3 cleavage. However, due to the intricate
nature of DDR signalling, others kinases such as ATR and CHK2 can indirectly influence
phosphorylation of this residue. Once BRCA1 has been activated, most of its functions are
restricted to the nucleus where it co-ordinates multiple processes relating to DNA repair
and maintenance of genome integrity, with the use of its two (potentially three®®') nuclear

279

localisation signals®’”. Few sources have also cited a movement of BRCA1 out of the

303,433. In the

nucleus to the cytoplasm, where it seems to have a yet-undefined function
previous chapter, a DNA damage and DDR signalling-independent phosphorylation of
BRCA1 at S1524 in response to PRR stimulation was demonstrated. These PRR-induced

signalling events rely heavily on cytoplasmic kinase cascades to transduce and amplify an
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initial signal in order to elicit appropriate inflammatory responses. This is ultimately
facilitated by activation of canonical and non-canonical IKK proteins, including TBK1,
whose functions activate transcription factors including NFkB and IRF3 which then
translocate to the nucleus and induce expression of inflammatory cytokines and IFN,

respectively.

4.2 Aims

The aims of this chapter will be to determine whether BRCA1 phosphorylation after
activation of innate immune signalling is downstream of its canonical kinases or innate
immune kinase activity. If any innate signalling axis is identified as upstream of BRCA1
phosphorylation in this context, activation kinetics will be assessed to determine the
proximity of BRCA1 phosphorylation to this signalling point. | will also investigate the
cellular location of BRCA1 upon phosphorylation, to resolve whether the phosphorylated
form of the protein functions inside or outside of the nucleus. Finally, | will establish
whether pBRCA1 is recruited to any specific organelle, with a view to hypothesising a

potential function or mechanism.

109



4.3 Results

4.3.1 BRCAL1 is not phosphorylated by canonical kinases

Firstly, the activity of canonical kinases upstream of BRCA1l were assessed in PRR-
activatory conditions. MoDCs were incubated with small molecule inhibitors to each
upstream kinase, including KU-55933 which is a potent ATM inhibitor***(ATMi), the CHK2
inhibitor NSC-109555 ditosylate®*>(CHK2i), and the ATR inhibitor VE-822%°(ATRi).
Although ATR has been shown to phosphorylate other residues of BRCA1 including S1148,
$1280 and S1387, it was chosen as a candidate due to the circumstantial redundancy in
BRCAL1 kinase activity; that is, ATM and ATR can phosphorylate distinct or overlapping

d*®, and this previously

BRCA1 residues depending on the type of damage sense
undescribed BRCA1 phosphorylation pathway may therefore have the potential to utilise
any upstream kinase. In each case, efficacy of the inhibitors was first tested. Western
blotting was performed on lysate of cells incubated with or without etoposide, probing for
pPATM and pCHK2 (Figure 4.1A); induction of both is seen when cells were treated with
etoposide in the absence of any inhibitor, signifying the generation of DSBs. ATMi was
shown to ablate phosphorylation of both ATM itself and downstream CHK2**’. Antibody
against pATR (S428), whose induction indicates formation of SSBs, was tested but not
specific enough for reproducible usage. However, ATR has been shown to phosphorylate
CHK2 at T68 after SSB formation, showing a level of redundancy when ATM levels are
reduced*®®**. This therefore permits the use of pCHK2 an indirect measurement of ATRi
efficiency. Use of ATRi did indeed result in decreased pCHK2 levels, suggesting successful
inhibition of ATR activity.

This was then repeated in the presence or absence of 1 pg/mL Pam3CSK4 for 60 minutes,

which induces a significant increase in pBRCAL1 levels (Figure 4.1B). Inhibition of any of the
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canonical kinases did not affect pBRCA1 levels, suggesting these are not responsible for

phosphorylation of $1524 after PRR activation.

A ATMi

CHK2i
ATRi
Etoposide

p-ATM
(51981)

p-CHK2
(T68)

B-Actin

+ -

-+

+ +
-.—
—

p-BRCA1

ATMi
CHK2i

ATRi
Pam3

(S1524)

B-Actin ﬁ

Figure 4.1 PRR stimulation-induced BRCA1 phosphorylation is independent of canonical kinases.
WB analysis of MoDCs untreated or incubated with 10 uM of KU55933 (ATMi), NSC-109555
(CHK2i), or NSC-109555 ditosylate (ATRi) for 3 hours before incubation for 1 hour with A. 100 uM
etoposide or B. 1 ug/ml Pam3CSK4. Cell lysates were immunoblotted using anti p-ATM, pCHK2 and

B-actin antibodies.
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4.3.2 BRCAL1l is phosphorylated downstream of innate immune kinase activity

Next, a small WB screen was performed using small molecule inhibitors of different innate
immune signalling points, to determine whether the activity of these is upstream of BRCA1
phosphorylation and therefore whether BRCA1 phosphorylation is an event which directly
intersects innate immune signal transduction pathways. For this, the TLR2 ligand
Pam3CSK4 was used as a general pBRCA1l-inducing control. Of the inhibitors chosen,
SB203580 targets the kinase activity of p38 MAPK**°, which is often seen phosphorylated
upon PRR stimulation and controls cell responses to cytokines and general stress**"**,
Bafilomycin Al is a V-ATPase inhibitor which prevents fusion of autophagosomes and
lysosomes**, which is often used to inhibit endosomal TLR signalling. PD0325901 is a
synthetic molecule which binds to and inhibits the kinase activity of the MAPK kinase MEK,
which is involved in multiple stress processes including pathogenic responses and

*4 This protein activates ERK as part of the Raf/MEK/ERK pathway to

genotoxic insult
regulate cytokine production and cellular proliferation (reviewed in**). Z-VAD-FMK is a
cell-permeable pan-caspase inhibitor that is frequently used in cell death studies, but has
also been found to inhibit NLPR3 activity by inhibiting caspase-1, thereby ablating the

#8447 The aminopyrimidine compound BX795 is a

processing of pro-IL1p to its active form
potent inhibitor of the non-canonical kinases IKKe and TBK1, which works to reduce IRF3
activation and type | IFN production®®.

MoDCs were stimulated with Pam3CSK4 for 1 hour, either alone or after incubation with
the above inhibitors at the concentrations listed in Table 4.1. Samples were subjected to
WB and results demonstrate that pBRCAL1 is induced after incubation with Pam3CSK4

alone as expected (Figure 4.2). The addition of Bafilomycin and PD0325901 significantly

affected the levels of pBRCA1 that were detected, whilst Z-VAD-FMK had a less profound
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effect. BX795 however, had the greatest effect, reducing pBRCA1 levels to below even
those seen in the basal state, suggesting BRCA1 phosphorylation at S1524 is indeed an

event induced downstream of innate signalling pathway activation.

Inhibitor Target Working conc.
SB203580 p38 10 puM
Bafilomycin Al Endosomal fusion | 1 uM
Z-VAD-FMK Pan-caspase 20 uM
PD0325901 MEK 1uM

BX795 TBK1/IKKe 1uM

Table 4.1 Small molecule inhibitors of innate immune processes, their targets and working
concentrations.

SB203580: - - 4+ - - - -
Bafilomycin: = - - 4+ - - -
PD0325901: - - = - 4 = =
Z-VAD-FMK: = - = - - 4 -

BX795: = - = - - - 4
Pam3: - + + + + + +

pBRCA1

(51524)
Figure 4.2 BRCA1 phosphorylation can be abrogated by innate signalling inhibition. MoDCs were
either untreated or stimulated for 1h with 1 ug/mL Pam3CSK4 after incubation in the presence or
absence of small molecule inhibitors to different innate immune signalling processes, and WB
performed using anti pBRCA1 and B-actin antibodies.

B-Actin
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4.3.3 A small molecule inhibitor of TBK1 inhibits BRCA1 phosphorylation

The most profound difference in levels of pBRCA1 after PRR stimulation were incurred
after treatment with BX795, which inhibits TBK1 signalling to IRF3. To probe this further,
MoDCs were incubated with different concentrations of BX795 to determine the optimal
concentration to take forward to subsequent experiments. WB shows that total TBK1
levels remain stable, whilst pTBK levels are increased with higher BX795 concentrations,

%0 (Figure 4.3A). Total BRCA1 levels remain stable, but

which is also reported elsewhere
basal pBRCA1 levels are reduced in a concentration dependent manner. This was then
repeated, with MoDCs stimulated with 1 pg/mL Pam3CSK4 for 1 hour (Figure 4.3B) or 2
ug/mL IVT dsRNA for 2 hours (Figure 4.3C). Again, pBRCA1 is increased by PRR agonism in
each case, which is reduced by BX795 in a dose-dependent manner. pTBK1 on the other

hand, is also increased upon stimulation, but even further increased with BX795

concentration (Figure 4.3B,C).

A B BX795 (M) C BX795 (LM)
‘
BX795 (uM) 10 1 0.1 0.01 10 1 0.1 0.01
‘
Pam3: - + + + + + VT = + + + + +
10 1 0.1 0.01 -
p-BRCA1 p-BRCAL| — p-BRCA1 =
(s1524) [ ——4 (s1524) (s1524)| ™ n—
BRCA1 P..— BRCA1 ’-‘ PRI BRCAL [t s e
p-TBK1 p-TBK1 e p-TBK1
(5172) o (5172) o (5172) Ry~
TBKL | v o s o TBK] [ e G- - TBK1 | = e e e
B'Actin ——— B-Actin S— X B-Actin

Figure 4.3 The TBK1 inhibitor BX795 reduces pBRCA1 levels in a dose-dependent manner. WB
analysis of MoDCs using anti pBRCA1, total BRCA1, pTBK1, total TBK1 and B-actin antibodies after
incubation with A. Titrated concentrations of BX795 for 3 hours prior to stimulation with B. 1
pg/mL Pam3CSK4 or C. 2 ug/mL IVT dsRNA

114



4.3.4 Lentiviral knockdown of TBK1 reduces phosphorylation of BRCA1

To confirm that this dependence of BRCA1 phosphorylation on TBK1 signalling was not
due to off-target effects of BX795, which have been reviewed previously**, knockdown of
TBK1 at the protein level was attempted. For this, lentiviral transduction was chosen as
the method of choice. This is due to the difficulty in transfecting primary MoDCs, in which
both efficiency and cell viability is often well below 50% (data not presented). Lentiviral
transduction additionally utilises the almost pantropic VSV glycoprotein envelope which

permits entry into most cell types**

. Additionally, the lentivirus-encoded short hairpin
RNA (shRNA) can be continuously and stably expressed after integration into the genome,
removing the need for repeated transfections whilst increasing the relative amount of
interfering RNA in comparison to small-interfering RNA (siRNA).

A lentiviral system used by Dr. Jonathan Maelfait (University of Oxford, Human
Immunology Unit) was adapted and optimised for use in primary dendritic cells. This
procedure utilises a second generation lentiviral production technique that requires a
three-way transfection of HEK293T producer cells. A packaging plasmid encodes essential
enzymes needed for lentiviral packaging of the shRNA, including Gag, Pol, Tat and Rev. The
VSV envelope is encoded on a separate plasmid, whilst the shRNA sequence is encoded
on the third plasmid, along with a packaging sequence. This protocol produces replication-
incompetent virus particles for safety reasons.

365

The HIV-1 protein Vpx can induce proteasomal degradation of SAMHD1™", a restriction

factor which usually degrades dNTPs upon viral entry in order to prevent efficient reverse

450-452

transcription or retroviral genomes . Using an LVP encoding Vpx alongside shRNA-

encoding LVPs facilitates increased LVP transduction®****,
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For this experiment, constructs encoding TBK1-targeting shRNA (Table 4.2), GFP under the
CMV promoter (SHC203), or a negative control shRNA targeting no known genes (SHC216)
were used. All plasmids derive from the TRC2 pLKO vector backbone. Transfection
efficiency of each plasmid into producer cells was assessed using an immunofluorescence
microscope at 18 hours and 48 hours (Figure 4.4A), using the expression of GFP from the
SHC203 plasmid as a reference. Supernatant containing LVPs was then harvested and
filtered before CD14+ monocytes were transduced using this supernatant, in presence of
polybrene to help virus binding*>. After differentiation to MoDCs with IL-4 and GM-CSF
for 5 days, GFP expression was once again assessed by flow cytometry to determine
transduction efficiency (Figure 4.4B). Cell viability was also routinely assessed at this stage
and was always above 90% (data not shown).

TBK1 mRNA levels in cells from three blood donors were assessed by gPCR to determine
the effectiveness of shRNA (Figure 4.4C), before cells were stimulated with Pam3CSK4,
E.Coli dsDNA, or IVT dsRNA (Figure 4.4D). WB was used to demonstrate a successful
protein knockdown of TBK1, as seen by vastly decreased total and pTBK1 levels in both
basal and stimulated state. Levels of pPBRCA1 were also decreased in both the basal state
and upon PRR stimulation, again suggesting BRCA1 phosphorylation is downstream of

TBK1 activity.
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Figure 4.4 Successful production of lentivirus and transduction of MoDCs. A. HEK293T cells were
co-transfected with packaging plasmid, VSV-g encoding plasmid and shRNA lentiviral plasmids and
transfection efficiency determined by assessment of GFP expression from SHC203 control lentiviral
plasmid at Oh, 18h and 48h post-transfection, using an immunofluorescence microscope. B.
Transduction efficiency of MoDCs with LVPs assessed by Flow cytometry using a LiveDEAD violet
viability dye and anti-CD86 PE-conjugated antibody to determine activation. GFP expression was
detected in the FITC channel C. gRT-PCR analysis of TBK1 mRNA levels after transduction with LVPs
encoding shRNA targeting no known genes (Ctrl) or TBK1. Values were normalised against GAPDH
and TBK1 mRNA levels from cells transduced with control LVPs set to 1. **** p<0.0001 D. WB
analysis of MoDCs untreated or stimulated with Pam3CSK4 for 1h, 2 ug/mL E. Coli dsDNA for 2h, 2
pug/mL IVT dsRNA 5 days post-transduction with Ctrl or TBK1 shRNA-encoding LVPs. Anti pBRCA1,
pTBK1, total BRCA1, total TBK1 and B-actin antibodies were used.
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4.3.5 The kinetics of pBRCA1 induction closely follow the phosphorylation of
TBK1

To establish the proximity of BRCA1 phosphorylation kinetically to TBK1 activation,
previously probed membranes using samples from cells stimulated with multiple PRR
agonists at various concentrations and timepoints (Figure 3.5) were reprobed with
antibodies recognising total TBK1 and pTBK1. Blots were aligned with pBRCA1 and B-Actin
from the same experiment. Results demonstrate that upon use of each PRR agonist,
BRCA1 phosphorylation closely follows induction of TBK1 phosphorylation temporally

(Figure 4.5).
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Figure 4.5 BRCA1 phosphorylation shortly follows TBK1 phosphorylation upon PRR stimulation.

Samples from figure 3.5 were reprobed for pTBK1 (S172) and total TBK1 to assess kinetics in
relation to BRCA1 phosphorylation.
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4.3.6 pBRCA1 (S1524) increases predominantly in the cytoplasm

BRCAL1 is known mainly for its roles for nuclear genomic protection, but TBK1 activity is
known to be principally cytosolic, so to determine location of pBRCA1l upon PRR
stimulation and to gain insight into how BRCA1 phosphorylation connects with TBK1
activity, subcellular fractionation was performed. MoDCs were stimulated with Pam3CSK4
or etoposide before lysis using a fractionation kit. Successful fractionation was confirmed
by WB using antibodies against common markers of each compartment (Figure 4.7A).
HSP90 was used to confirm isolation of soluble cytosolic proteins*®**’, whilst the ER
luminal resident protein calreticulin was chosen as a suitable marker for membranous

% The soluble nuclear fraction was represented by the nuclear amine

compartments
oxidase LSD1459, and Histone 3 was used to confirm isolation of the histone-bound
fraction. Total BRCA1 levels were also assessed, and were intriguingly shown to be highest
in the cytosol. Some BRCA1 was detected in the membranous fraction, although this could
be from contamination of the cytoplasmic fraction, as reflected by small amounts of HSP90
detection in the membranous fraction. As expected, BRCA1 is also found in the nuclear
soluble fraction, but is undetected in histone bound compartments. WB analysis of
Pam3CSK4 treated samples demonstrated that pBRCA1 increased predominantly in the
cytosol whilst nuclear pBRCA1 was unaltered, suggesting that pBRCA1 may have a function

in the cytoplasm where TBK1 is known to function. Again, use of etoposide induces no

changes in pBRCA1 levels in any compartment.
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Figure 4.6 BRCA1 can be found in multiple cellular compartments whilst pPBRCA1 increases
predominantly in the cytoplasm. MoDCs were subjected to subcellular fractionation before WB
analysis of A. Markers for each cellular compartment or total BRCA1 levels or B. pBRCA1 levels in
each compartment after stimulation with 1 ug/mL Pam3CSK4 or 100 uM etoposide.
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4.3.7 pBRCAL1 localises to perinuclear regions after PRR stimulation

To support existing data, confocal microscopy was employed to establish the exact
location of BRCA1 (and pBRCA1) within the cell upon PRR stimulation. Microscope slides
with 8 separate chambers were coated with Poly-L-lysine to allow attachment of cells*®°,
which were seeded to each well and allowed to adhere for 24 hours before being treated.
Cells were then subjected to the standard confocal microscopy protocol using antibodies
that were optimised for compatibility in MoDCs. AlexaFluor-488 secondary antibody was
used to detect primary antibody recognising pBRCA1 (Green), whilst primary antibodies
recognising organelle marker proteins were stained with AlexaFluor 568 secondary
antibody (Red). TOM20, a mitochondrial membrane protein*®*, was chosen as marker for

this compartment as BRCA1 has been described to relocalise here previously>*®*°>4% A

s
TBK1 has been reported to localise with STING at the ER and Golgi, Calnexin and Giantin
were chosen to visualise these organelles, respectively’®*®. Additionally, EEA1 was
chosen to observe endosomes, as TLR2 has been reported to be internalised into these

after activation to promote NFkB activity and IFN production®****!

, @ process involving
TBK1. Results show that pBRCA1 (green) is increased upon stimulation in the cytoplasm,
corresponding with subcellular fractionation results (Figure 4.8). Interestingly, pBRCA1
seems to localise in a perinuclear region in close proximity and partially overlapping with
the Golgi membrane protein Giantin (Figure 4.7D), but not the other organelles tested
(Figure 4.7A-C). Viewing the images at a higher magnification shows this more clearly
(Figure 4.7E), with zones of overlapping red and green signal presenting as yellow. A
Differential interference contrast (DIC) field of view is also included to demonstrate that

both Giantin and pBRCA1 occupy the same perinuclear area, and are not diffusely localised

throughout the cytoplasm.
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Figure 4.7 Confocal microscopy visualising pBRCA1 in relation to cellular organelles. 1x10° MoDCs
were seeded at a volume of 200uL into each well of an 8-well chamber slide pre-coated in 0.1
mg/mL Poly-L-Lysine. Cells were untreated or stimulated with 2 pg/mL IVT dsRNA for 90 minutes
before being fixed and permeabilised. Cells were stained with primary antibodies recognising
pBRCA1 (S1524) (Green) and A. Mitochondrial marker TOM20 B. Endosomal marker EEA1 C. ER
marker Calnexin or D. Golgi membrane marker Giantin. E. Cropped and enlarged image of Giantin
stained cells.
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4.3.8 STING and pTBK1 also colocalise with Golgi proteins after PRR stimulation
As BRCA1 phosphorylation after PRR stimulation seems to depend on TBK1 activity,
confocal microscopy was repeated on MoDCs stimulated with IVT dsRNA, using antibodies
against pTBK1 and Giantin to determine if this area is common to both signalling events.
Results show an increase in colocalisation between these two proteins in some cells upon
stimulation, mirroring pBRCA1 relocalisation (Figure 4.8A). Not all cells showed this effect,
possibly due to low transfection efficiency of IVT into this cell type.

To determine whether this Golgi derived region can also harbour STING as previously
reported®, the experiment was once again repeated using MoDCs untreated or
transfected E. Coli dsDNA to activate the cGAS/STING signalling axis. Cells were incubated
with primary antibodies recognising STING and Giantin and results confirm that STING
colocalisation with Giantin increases upon stimulation as seen by yellow fluorescence
when both red and green emission overlaps (Figure 4.8B). Together, these results imply

that pBRCA1 occupies the same space as activated STING and pTBK1.
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Figure 4.8 pTBK1 and STING increase colocalisation with Giantin after PRR stimulation. 1x10°

MoDCs were seeded at a volume of 200uL into each well of an 8-well chamber slide pre-coated in
0.1 mg/mL Poly-L-Lysine. Cells were untreated or stimulated for 2h in 2 pg/mL of A. IVT dsRNA and
stained with primary antibody against pTBK1 (S172) (Green), or B. E. Coli dsDNA for 2h and stained
with primary antibody against STING (Green).
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4.3.9 BRCAL1 colocalises with pTBK1 after PRR stimulation

To assess whether BRCA1 does localise to the same region as TBK1 upon PRR activation,
MoDCs were stimulated with E. Coli dsDNA before confocal microscopy was undertaken
using primary antibodies against pTBK1 and total BRCA1. pBRCA1 and pTBK1 could not be
co-stained due to overlap of primary antibody host species and lack of alternative
phospho-specific antibodies. BRCA1 can be seen to localise predominantly in the nucleus
of untreated cells (Figure 4.9), but upon stimulation it relocalises to the cytoplasm where

it forms distinct foci, some of which directly overlap with pTBK1 foci.

Figure 4.9 BRCA1 and pTBK1 colocalise after PRR stimulation 1x10° MoDCs were seeded at a
volume of 200pL into each well of an 8-well chamber slide pre-coated in 0.1 mg/mL Poly-L-Lysine.
Cells were untreated or stimulated for 2h in 2 ug/mL E. Coli dsDNA before staining with primary
antibody against pTBK1 (S172) (Green) and BRCA1 (Red).
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4.4 Discussion

In this part of the study, it was demonstrated that BRCA1 phosphorylation at $1524 is
downstream of TBK1 activation, and that levels of pBRCA1 are increased predominantly in
the cytoplasm, where it localises in proximity to the Golgi-derived membranes that TBK1
and STING migrate to upon stimulation.

Specifically, BRCA1 phosphorylation at S1524 in response to PRR agonism was shown to
be independent of canonical kinases ATM, CHK2, or ATR, which usually activate BRCA1
after DSBs, IR or UV damage®®. Interestingly, the endo-lysosomal acidification inhibitor
Bafilomycin Al abrogates the phosphorylation of BRCA1 in response to a TLR2 agonist.
This implies that the receptor, or some other cell surface moiety must be internalised to
trigger the phosphorylation of BRCA1. As alluded to earlier, TLR2 internalisation is required

390,391

for IFN stimulatory signalling via MyD88 and TRAM , which may provide a place for
BRCAL1 in this signalling cascade.

The MEK inhibitor PD0325901 also ablates the induction of pBRCA1, suggesting BRCA1
may be involved downstream of MEK activation in some capacity. MEK normally
coordinates MAPK signalling in response to cellular stress. This includes the ERK signalling
pathway, which itself controls transcription and translation events related to multiple
cellular functions including cell cycle and proliferation, apoptosis and inflammation
(Reviewed in*®®). This pathway is frequently deregulated in cancer***, and BRCA1 has been
shown to have a role in regulating the ERK pathway, during estrogen receptor signalling*®’.
Interestingly, MAPK activation is reported to require activation by TBK1 in certain

circumstances*® but curiously not after stimulation with dsDNA'#%4%

, supporting the
observation of MEK inhibition reducing pBRCA1 induction in response to TLR2 stimulation.

Similarly, p38 is also controlled by upstream MEK signalling and provides an alternative
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MAPK signalling pathway to ERK*"°

. Inhibition of this pathway had no distinguishable
effect on BRCA1 phosphorylation, suggesting that BRCA1 may be part of a more distinct
set of signal transduction pathways which may have some relationship to ERK signalling.
The use of Z-VAD-FMK which inhibits the activity of caspases had little effect on BRCA1
phosphorylation.

The largest effect on pBRCAL1 levels was brought about by TBK1 inhibition by BX795. This
reduced detectable levels to below basal levels in untreated cells, signifying that this
signalling pathway is key in BRCA1 phosphorylation even in the steady state. Importantly,
TBK1 activity has been heavily linked to the activities blocked by Bafilomycin and Z-VAD-
FMK, respectively. TBK1 is required to promote the maturation of autophagosomes into
lytic bactericidal organelles via autophagy in a process which first requires TBK1’s
regulation of IL-1 activitym. Therefore, the use of these inhibitors may result in
decreased downstream activation of TBK1 after TLR2 stimulation, which in turn may cause
reduced levels of pBRCAL.

Further inquiry into the potential upstream requirement of TBK1 for BRCA1
phosphorylation, using differing concentrations of BX795 with untreated, Pam3CSK4 or
IVT dsRNA treated cells demonstrates that indeed BRCA1 phosphorylation at S1524 after
PRR stimulation is at least partially dependent on TBK1 activity. In this experiment, there
was a positive correlation between inhibitor concentration and pTBK1 levels, which is
observed elsewhere. This may possibly be due to a continued signal which builds up as
TBK1 cannot phosphorylate IRF3 as required, and negative feedback loops may remain
inactive.

Production of lentivirus to target TBK1 by RNAi was shown to be successful from high GFP

expression from the control plasmid in both the transfected producer cell line and the
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virally transduced MoDCs. Successful mMRNA and protein knockdown of TBK1, as assessed
by qPCR and WB, correlated expectedly with reduced pTBK1 in response to stimulation.
This also resulted in abrogation of pBRCA1 induction, confirming that the reliance of
BRCA1 phosphorylation on TBK1 activity is specific and not a result of off-target effects of
BX795. Similarly, kinetic assessment of pTBK1 induction after agonism of each PRR family
using samples remaining from Figure 3.5 demonstrates a striking correlation with the
kinetics of BRCA1 phosphorylation, which proceeds swiftly after TBK1 phosphorylation in
each case.

The use of subcellular fractionation illustrates that in addition to the expected nuclear
localisation of BRCA1, the protein can also be found in cytoplasmic and membranous
compartments of MoDCs, which is not completely unexpected given recent reports of
activity at the mitochondria®®® and ER??’. Although BRCA1 shuttling to the cytoplasm has

393433 the cytoplasmic levels in comparison to nuclear levels is

been reported previously
surprising.

Confocal microscopy data using cells transfected with IVT dsRNA showed that pBRCA1
partially overlaps at perinuclear zones with the Golgi marker Giantin, which has previously

43,472
<1 could also

been shown to localise with STING and TBK1 upon DNA stimulation
confirm STING localisation to this area increases after stimulation with E. Coli dsDNA, and
TBK1 after stimulation with IVT dsRNA, validating this zone as a signalling hub. As
subcellular fractionation showed that pBRCA1 increases predominantly in the soluble
cytoplasmic fraction, it could be assumed that pBRCA1 localises to the cytoplasmic
interface of these Giantin-containing membranes, as opposed to entering the organelle.

Although TBK1 is known to translocate to these Golgi-derived microsomes upon STING

activation by dsDNA sensing, relatively little is known about the spatial regulation of TBK1
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activity upon RIG-I signalling, aside from its recruitment to mitochondrial MAVS. Recently
however, mitochondria-associated membranes (MAMs) in close proximity to ER
membranes, where STING resides, have been suggested as the major site of MAVS
signalling. Additionally, genetically engineered MAVS which localises at the ER whilst
maintaining dimerisation capability is constitutively active®’>. Further to this, Golgi
network rearrangements are required for full antiviral signalling to take place in response

to RNA agonistsm'476

. Together, this evidence suggests that both MAVS and STING may
function through the same ER-Golgi membrane-derived organelles, providing a common
spatial niche for TBK1 to function, and explaining the relocalisation of pTBK1 observed to
this area upon IVT dsRNA stimulation.

Interestingly, in untreated cells, basal levels of pTBK1 are seen in distinct foci surrounded
by Giantin, which increase in number and disperse into Giantin-containing areas upon PRR
activation. The basal activated TBK1 may therefore be sequestered away from activated
adaptors such as STING and MAVS to prevent improper inflammatory activation.

The requirement of TBK1 activity for BRCA1 phosphorylation, in conjunction with the
spatial and temporal relationship | have demonstrated between both of these, suggests
that BRCA1 phosphorylation is a PRR-activation specific event which is part of a common

signalling cascade employing TBK1. Hence, functional studies using this hypothesis will be

undertaken on BRCA1 in the next chapter.
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5 BRCALl interacts with TBK1 to promote type | IFN production

5.1 Introduction

BRCAL1 functions to maintain genomic stability by regulating multiple cellular processes

279477 To undertake these roles, BRCA1

relating to cell cycle control and DNA repair
functions predominantly in the nucleus of cells, being retained there with its multiple
NLSs*®%?8! The exact mechanisms of BRCA1 in each process remain elusive, irrespective

297,298478 However, broadly speaking,

of the intense study into its functional domains
BRCAL1’s ability to direct such a diverse range of cellular activities has been suggested to
depend on its ability to act as a scaffold protein and bind a multitude of partners, a feature
conferred predominantly by its dual C-terminal BRCT domains which allow binding to
phosphoproteins. This in turn permits it to participate in the formation of many functional
complexes®®®, most notably with BARD1 which increases BRCA1 stability and facilitates

296,479-482

BRCA1’s RING domain-encoded E3 ligase activity , Which can catalyse the addition
of mono- and polyubiquitin chains to substrate proteins483. This study has so far
demonstrated a DNA Damage and DDR signalling-independent redistribution of BRCA1
exclusively upon PRR stimulation, to perinuclear areas of the cytoplasm where STING can
be found and where it forms distinct foci overlapping with pTBK1. Relatively few other
studies have demonstrated cytoplasmic signalling roles for BRCA1, although it has been
suggested that BRCA1 must shuttle to the cytoplasm to perform some unknown function

downstream of p53°%.

165,282

Like BRCA1, TBK1 is phosphorylated upon its activation which prompts it to bind a

selection of its many interacting partners', allowing it to regulate multiple cellular
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159,160

processes including inflammatory responses, autophagy , proliferation’® and

8% The best characterised role of TBK1 is in type | IFN production,

hormonal signalling
where it is employed by and binds to multiple adaptor proteins activated by a range of
PRRs™*. Here, it phosphorylates the upstream adaptor which allows recruitment of IRF3,
which itself is phosphorylated at the same consensus sequence by TBK1™.
Phosphorylated IRF3 then translocates to the nucleus where induces the expression of
type | IFN. This is then secreted and binds its cognate receptor in an autocrine or paracrine
manner, inducing signalling which ultimately results in the expression of ISGs that work to
establish an antiviral state, as well as to direct an adaptive immune response®>. This is
important for a range of pathologies including bacterial and viral infection, as well as

212,215,486-488

antitumour responses . In addition, TBK1 can undertake its immune roles by

471,489 468,490

regulating xenophagy and NFkB signalling
In conjunction with data generated in previous chapters, these abilities of TBK1 to bind a
diverse set of partners and direct a range of cellular process, dependent upon its
localisation and complex constituents, presents an opportunity to hypothesize that BRCA1

interacts with TBK1 in a PRR-stimulatory setting and potentially influences TBK1’s

cytoplasmic activities.

5.2 Aims

Experiments in this chapter explore the function of BRCA1 in relation to TBK1 activity in
innate immune cells. This involved manipulating BRCA1 expression levels in cells and
investigating the effect of this on TBK1’s downstream activity. | examine whether BRCA1
and TBK1 interact using co-immunoprecipitation and the proximity ligation assay. The

activation of TBK1 in the absence of BRCA1 is assessed, as is downstream activation of
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IRF3 and subsequent induction of Type | IFN and cytokine production. Additionally, the
transcription of key ISGs is followed in these cells. The effect of BRCA1 on viral replication

is also assessed.
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5.3 Results

5.3.1 Co-immunoprecipitation of BRCA1 and TBK1 on PRR stimulation

Given the findings that pBRCA1 and pTBK1 overlap at Golgi related microsomes where
STING can be found upon activation, | examined whether BRCA1 biochemically interacts
with TBK1. In collaboration with Seiji Shiraishi (University of Oxford, Human Immunology
Unit), MoDCs were stimulated with Pam3CSK4 (Figure 5.1A), IVT dsRNA or E Coli dsDNA
(Figure 5.1B) and immunoprecipitation (IP) performed using antibody recognising TBK1 or
a rabbit IgG isotype control. TBK1 Immunoprecipitation conditions and cell stimulation
conditions were optimised by myself. The final Western blot was then undertaken by Seiji
Shiraishi under my instructions, using samples from both input (total cellular lysate) and
IP fractions. Results show that TBK1 is precipitated successfully and specifically, as seen by
increased detection of TBK1 in IP samples compared to input samples, in which total TBK1
levels are equal throughout. Samples immunoprecipitated with an IgG isotype control
antibody show very low binding of TBK1, further demonstrating specificity of primary
antibody. Similarly, detection of B-Actin is diminished in IP samples. Visual density of
BRCAL1 in each input sample is equal, but BRCAL1 is exclusively detected in TBK1-IP samples
upon stimulation with different PRR ligands, confirming that it interacts with TBK1 upon
activation. This was repeated, and an etoposide control used to assess whether this
phenomenon is specific to PRR stimulation or whether it can be induced by DNA damage
(Figure 5.1C). Antibody against pATM was used to show successful genotoxic effects of
etoposide, whilst TANK was used as a positive control for TBK1 IP conditions, as this is a
constitutive binding partner of TBK1. Indeed, only PRR activation was able to induce the
binding of BRCA1 to TBK1. To attempt the reverse experiment, pulling-down BRCA1 and

probing for TBK1, multiple antibodies recognising BRCA1 were tested and many steps
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within the IP protocol altered. Unfortunately, no condition tried was able to achieve a

successful IP of BRCAL.

A
Input IP
1gG o-TBK1 1gG a-TBK1
Pam3CSK4: - -+ - - +
IB: BRCAL | s e e -
IB: TBK1
IB: —Actin

B
Input IP
IgG  o-TBK1 IgG a-TBK1
IVTRNA: - - - 4+ - - -+
dsDNA: - - + - - - + -
1B:BRCAL | o st e

1B: BRCA1

I1B: TBK1

1B: TANK

IB: pATM
(S1981)
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Figure 5.1 BRCA1 interacts with TBK1 upon PRR stimulation. WB analysis using antibodies
recognising BRCA1, TBK1, TANK, pATM and B-actin after stimulation of MoDCs with A.1 pg/mL
Pam3CSK4 for 1h B. 2 pg/mL IVT dsRNA or 2 ug/mL E. Coli dsDNA for 2h or C. 1 pg/mL Pam3CSK4
for 1h, 2 ug/mL IVT dsRNA for 2h, 2 ug/mL E. Coli dsDNA for 2h or 100uM etoposide for 1h, before
1mg of lysate was immunoprecipitated using 5 ug anti-TBK1 or Rabbit IgG isotype control primary
antibody conjugated to Protein G-coupled Dynabeads.
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5.3.2 BRCA1 interacts with TBK1 exclusively upon PRR stimulation — PLA

To show this interaction by other means, and also to determine where this takes place
spatially, the Proximity Ligation Assay (PLA) was used. This procedure is similar to
conventional confocal microscopy when probing for two proteins. Primary antibodies
must be raised in different host species, but secondary antibody is conjugated to an
oligonucleotide sequence instead of a fluorophore. When two proteins detected by
primary antibody are in close proximity (<40nm), addition of ligase enzyme allows the
secondary antibody-conjugated oligonucleotides to ligate and form a complete DNA circle.
Polymerase enzyme is then added to amplify the sequence, and fluorescent probes are
added to allow visualisation of interacting points within the cell.

Control experiments for each target protein were first performed, using known interacting
partners and conditions which induce interaction, to confirm the assay works for the
antibodies used. For each condition, a macro created by Dominic Waithe (CBRG WIMM,
University of Oxford) was applied in Fiji imaging software for a minimum of 50 cells, which
calculates the number of PLA signal points per cell. These values were then used to
ascertain statistical significance. MoDCs were stimulated with IVT dsRNA and interaction
between TBK1 and MAVS assessed (Figure 5.2A). Similarly, the interaction between pTBK1
and IRF3 was assessed after stimulation with E. Coli dsDNA (Figure 5.2B). In both instances,
numbers of interactions increase in the cytoplasm which can also be seen in
representative images, demonstrating that the assay is successful and sensitive enough to
detect changes after both RIG-I and cGAS/STING activation. BRCA1 interaction with

491492 \was also confirmed to be

YH2AX, which increases upon induction of DNA Damage
significantly increased after treatment with etoposide (Figure 5.2C), importantly in the

nucleus as seen in representative images. In this experiment, samples stimulated with IVT
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dsRNA or E. Coli dsDNA were included as controls, and neither increased the interaction

between BRCA1 and yH2AX, demonstrating specificity of this interaction to DNA damage.
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Figure 5.2 PLA controls for TBK1 and BRCA1 antibodies. MoDCs were seeded into each well of an
8-well chamber slide pre-coated in 0.1 mg/mL Poly-L-Lysine. Cells were probed with antibodies for
A. TBK1 and MAVS after 2h incubation with 2pug/mL IVT dsRNA B. TBK1 and STING after 2h
incubation with 2 pg/mL E. Coli dsDNA C. BRCA1 and yH2AX after incubation with 100 uM
etoposide for 1h, 2ug/mL IVT dsRNA for 2h or 1 pg/mL Pam3CSK4 for 1h. Proximity ligation assay
was then performed using anti-rabbit PLUS and anti-mouse MINUS probes and a Red fluorescent
probe.

139



After suitable experimental parameters and antibodies were established, PLA was
repeated to determine the level of interaction between BRCA1 and TBK1 upon stimulation
of cells with multiple PRR agonists (Figure 5.3). All PRR agonists significantly increased the
number of detectable interaction points, including cGAMP which again suggests that this
phenomenon is induced downstream of receptor activation. Crucially, representative
images indicate that these PLA signal points are predominantly in the cytoplasm of cells,
particularly in perinuclear zones. Use of etoposide or bleomycin had no effect on
interaction between BRCA1 and TBK1 as they did with BRCA1 and yH2AX, signifying further
that this biological event is specific to innate immune stimulation. As the experiment relies
on a PCR reaction to amplify ligated oligonucleotide sequences, an IVT dsRNA sample was
created without the addition of polymerase enzyme as an extra control to show specificity
of the process and the requirement of enzymatic steps to observe signal. A ligase-free
sample was also used for equivalent purposes (data not shown).

The experiment was then repeated using cells infected with the DNA virus HSV1 or Sendai
virus with its RNA genome, and again a significant increase in points of BRCA1 and TBK1
interaction is observed in the cytoplasm of cells (Figure 5.4), demonstrating that whole

pathogen can promote the interaction.
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Figure 5.3 PLA confirms interaction of BRCA1 with TBK1 upon PRR stimulation. MoDCs were
seeded into wells of Poly-L-Lysine coated 8-well chamber slides and probed with antibodies against
BRCA1 and TBK1 after incubation with 1 pg/mL Pam3CSK4, 100ng/mL Flagellin, 100 uM etoposide
or 100 pM bleomycin for 1h, or 2ug/mL E. Coli dsDNA (ECD), 2ug/mL IVT dsRNA or 1 pg/mL 2’-
3’cGAMP for 2h. Proximity ligation assay was then performed using anti-rabbit PLUS and anti-
mouse MINUS probes and a Red fluorescent probe, and a no polymerase control included. A macro

was applied to images containing a minimum of 50 cells from three blood donors to quantify the
number of interaction points per cell. **p<0.01, ****p<0.0001
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Figure 5.4 PLA analysis of BRCA1 interaction with TBK1 after viral infection. MoDCs were seeded
into each well of an 8-well chamber slide pre-coated in 0.1 mg/mL Poly-L-Lysine. Cells were probed
with antibodies for BRCA1 and TBK1 after infection with HSV1 at an MOI of 5 or Sendai virus at an
MOI of 1 for 1h. Proximity ligation assay was then performed using anti-rabbit PLUS and anti-
mouse MINUS probes and a Red fluorescent probe. A macro was applied to images containing a

minimum of 45 cells from three blood donors to quantify the number of interaction points per cell.
***%p<0.0001
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5.3.3 BRCA1 knockdown in primary DCs

Efforts were then made to knock-down BRCA1 in primary MoDCs to undertake functional
studies. Initially, siRNA transfection was attempted using Neon electroporation apparatus,
which achieves the best transfection efficiency and cell viability of all methods | tested for
MoDCs (data not shown). Multiple different siRNA’s targeting different parts of the BRCA1
gene were tested, either alone or in combination, but none gave a detectable knockdown
at the protein level up to 72 hours post-transfection (Figure 5.5A). This was despite
significant reduction in BRCA1 mRNA levels as assessed by qRT-PCR (Figure 5.5B), which
decreased on average by 66%. Cells from at least 10 individual blood donors were used to
try achieve a suitable knockdown using this method. A maximum reduction in protein of

approximately only 20% was achieved.
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Figure 5.5 Analysis of BRCA1 levels after siRNA transfection. MoDCs were transfected with
BRCA1-targeting siRNAs using Neon electroporation apparatus 3 days post CD14+ isolation. 72
hours post-transfection, cells were A. subject to WB using anti-BRCA1 antibody and B. Assessed
for BRCA1 transcript level by gRT-PCR (n=4). *** p<0.001
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To try and resolve this issue, transduction of MoDCs with BRCA1 shRNA-encoding LVPs
was performed, using the same method which achieved successful TBK1 knockdown in
Figure 4.4. This way, shRNA would be continually produced over the 5-day differentiation
period, whilst achieving a higher transduction efficiency and cell survival rates than
transfection methods. Freshly isolated CD14+ cells were transduced with LVPs encoding
either a control or BRCA1-targeting shRNA sequences, or LVPs encoding GFP. Alongside,
LVPs encoding Vpx were produced and used to transduce the MoDCs in order to degrade
SAMHD1 and increase transduction efficiency. Again, transduction of MoDCs was
routinely above 70% with low levels of maturation as determined by CD86 expression
(Figure 5.6A). Knockdown of BRCA1 mRNA was also significant (Figure 5.6B).
Unfortunately, protein level was still insufficiently reduced for functional studies, even
with use of five different shRNA sequences which target different parts of the BRCA1 gene.
This was attempted with cells from a minimum of eight different blood donors, with
results much the same. The BRCA1 protein may be therefore too stable and its half-life

too long to be able to knockdown by RNA-interference methods in MoDCs.
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Figure 5.6 Analysis of LVP transduction efficiency and BRCA1 knockdown levels. CD14+ cells were
transduced with LVPs encoding GFP, control or BRCAl-targeting shRNAs immediately after
isolation. Cells were differentiated to MoDCs and 5 days post transduction and assessed for A.
Transduction efficiency and activation status compared to untransduced cells using Flow
cytometry. Cells were stained with LiveDead violet viability stain and anti-CD86 PE conjugated
antibody. GFP expression was detected in the FITC channel. B. BRCA1 transcript level by qRT-PCR
(representative result shown of cells expressing one shRNA) or C. BRCA1 protein level by WB
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5.3.4 Generation of THP1 cells stably expressing BRCA1 shRNA using LVPs

THP-1 cells were used as a surrogate cell line to achieve knockdown of BRCA1 for use in
functional studies. These extensively-used monocytic cells derived from child leukaemia*®
can be differentiated into macrophage-like cells****%° with the use of PMA*®. Additionally,
they proliferate relatively fast with a doubling time of approximately 48 hours in their
undifferentiated state, allowing continued use with long-term expression of selectable
constructs but without donor variation. THP-1 monocytes were transduced with LVPs
encoding GFP, a control shRNA or shRNA sequences targeting BRCA1 as above, and
puromycin added 72 hours post infection to allow selection of positively transduced cells
expressing the packaged sequence. No Vpx-encoding LVPs were required here due to the
ability to select successfully transduced cells. WB analysis shows significant knockdown of
BRCA1 at the protein level with use of LVPs encoding four BRCAl-targeting shRNA
sequences after 5 days of antibiotic selection (Figure 5.7A). From these samples, shRNA
number 1 was taken forward for functional studies. Levels of pPBRCA1 were also shown to

be decreased from basal levels in cells expressing this shRNA (Figure 5.7B).

A B
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Figure 5.7 Successful BRCA1 knockdown in THP1 cells. THP1 monocytes were transduced with
LVPs encoding control or BRCA1-targeting shRNAs. 1 ug/mL Puromycin was added 72 hours later,
and successfully transduced cells selected. WB was performed to confirm knockdown of A. BRCA1,
and also B. pBRCA1.
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5.3.5 Reduction of BRCA1l results in reduced TBK1 activation and IRF3
phosphorylation

As the presence and activity of TBK1 was seen to have a profound effect on BRCA1
phosphorylation at S1524, the reverse was then examined; BRCA1 knockdown cells were
interrogated for their TBK1 activation status after PRR stimulation. WB was performed on
PMA-differentiated THP-1 cells which were stimulated with Pam3CSK4 (Figure 5.8A), IVT
dsRNA (Figure 5.8B) or cGAMP (Figure 5.8C). BRCA1 knockdown again is confirmed in each
relevant sample, whilst total TBK1 is stable throughout. TBK1 phosphorylation is observed
upon addition of PRR ligand in cells expressing the control shRNA, but this is noticeably
reduced in BRCA1 knockdown cells.

As TBK1 then normally mediates the phosphorylation of IRF3 at S396 (pIRF3), which then
translocates to the nucleus to promote type | IFN production, BRCA1 knockdown cells
were stimulated with IVT dsRNA and fractionated into nuclear and cytoplasmic
compartments, before the induction of pIRF3 visualised by WB. HSP90 and LSD1 were used
as cytoplasmic and nuclear markers, respectively, to confirm efficient fractionation. The
level of nuclear pIRF3 observed is noticeably less in BRCA1 knockdown cells in comparison
with control cells, corresponding with the observed reduction in TBK1 activation (Figure

5.8D).
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Figure 5.8 BRCA1l knockdown cells show impaired TBK1 and IRF phosphorylation. THP-1
monocytes stably expressing control or BRCAl-targeting shRNA were PMA differentiated before
WB analysis after stimulation A. with 1 pg/mL Pam3CSK4 for 1h B. with 2 pg/mL IVT dsRNA for 2h

C. with 2 pg/mL 2’-3' cGAMP for 2h D. with 2 pg/mL IVT dsRNA for 6h and subsequent nuclear-
cytoplasmic fractionation.
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5.3.6 BRCA1l Knockdown cells have impaired induction of IFNB and ISG
transcription

Given the observation that BRCA1 deficient cells have reduced TBK1 and IRF3
phosphorylation levels, these cells were assessed for their type | IFN production capability,
which would normally be produced downstream of activation of these proteins. THP-1
monocytes were differentiated to macrophage-like cells with PMA and stimulated with
multiple different nucleic acids, which are the classical type | IFN-inducing ligands. These
included a 60 base pair oligonucleotide with HSV viral motifs known as HSV-60°*, and a 45
base-pair CpG-free oligomer from Listeria monocytogenes known as Interferon-
stimulatory dsDNA (ISD), both of which activate the STING-TBK1-IRF3 axis**®’.
Poly(dA:dT) is a synthetic dsDNA sequence which was used and is recognised by multiple
sensors including DAI, LRRFIP1, AIM2 and also indirectly by RIG-I>>. A mix of sheared dsDNA
fragments derived from E. Coli dsDNA strain K12 which activate TLR9 in addition to the
STING-TBK1-IRF3 signalling axis**® were also utilised. As the TLR2 ligand Pam3CSK4 has
also been shown to induce IFN production, this was included as a non-nucleic acid

388,390,391 Samples were subjected to qRT-PCR after 6 hours of stimulation to assess

contro
transcript levels of IFNB1, encoded by the ifnb1 gene. Cells with reduced BRCA1 produce
slightly less IFNf mRNA in the basal state (UT; untreated), but they produce significantly

less IFNB mRNA upon stimulation of all PRR families (Figure 5.9A-E).
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Figure 5.9 BRCA1 knockdown cells have an impaired induction of IFNB transcription. THP-1
monocytes stably expressing control or BRCA1l-targeting shRNA were differentiated to
macrophage-like cells and assessed for ifnb1 transcript level after stimulation for 6h with A. 1
pg/mL HSV-60 dsDNA B. 1 pug/mL ISD C. 1 pg/mL Poly(dA:dT) D. 2 ug/mL E. Coli dsDNA E. 1 pug/mL
Pam3CSK4. Results representative of at least three separate experiments. ** p<0.01, ***p<0.001
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The transcript levels of key ISGs which are usually induced upon IFN signalling was also
evaluated. These included the general antiviral protein IFIT1 which can inhibit both
translation and replication of viruses whilst promoting further IFN production**®, the
enzyme 2’-5’ OAS which degrades viral RNA in combination with RNaseL?, and the GTPase
Mx1 (also known as MxA) which forms oligomers around viral components to inhibit their

activity500

. Control or BRCA1 knockdown cells were stimulated with IFN-inducing ligands
HSV-60 dsDNA, IVT dsRNA, or cGAMP, or with whole pathogen in the form of HSV1 or SeV
for 6 hours before samples were prepared for and assessed by qRT-PCR. The induction of
the IFIT1, OAS1 and MX1 transcript expression was ablated upon stimulation of BRCA1
knockdown cells with all stimuli in comparison to control cells (Figure 5.10). This
demonstrates that BRCA1 activity is important for IFN production after sensing of both

DNA and RNA genomes, whilst the use of cGAMP again illustrates BRCA1 participation in

this signalling axis is downstream of initial receptor activation.
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Figure 5.10 BRCA1 knockdown cells have an impaired induction of ISGs. THP-1 monocytes stably
expressing control or BRCA1-targeting shRNA were differentiated to macrophage-like cells and
assessed for IFIT1, OAS1 and MX1 transcript level after stimulation for 6h with A. 1 ug/mL HSV-60
dsDNA B. 2 pg/mL IVT dsRNA C. 2 pg/mL 2’-3’ cGAMP D. HSV1 at an MOI of 5 E. SeV at an MOI of
1. Results representative of at least three separate experiments. *p<0.05, **p<0.01, ***p<0.001
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5.3.7 BRCA1 knockdown cells secrete lower levels of type | IFN and IL-1

As the above experiments assess only the transcript level of IFNB and ISGs, a cellular
bioassay was performed to investigate the induction of type | IFN at the protein level. Cells
derived from the HEK293 line which stably express luciferase under the control of an ISRE
promoter sequence, termed 3C11 cells, were produced by Dr. Jonathan Maelfait
(University of Oxford, Human Immunology Unit). Supernatant from control or BRCA1
knockdown THP-1 macrophages was collected 24 hours after stimulation with HSV-60
dsDNA, ISD, Poly (dA:dT), E. Coli dsDNA, Pam3CSK4 or cGAMP. 3C11 cells were then
incubated for a further 24 hours in either the collected supernatant, or titrated
concentrations of recombinant IFNa in order to demonstrate reproducible cellular
sensitivity in each experimental repeat. Cells were then lysed and luciferase substrate
added before luminescence read and the fold induction of the ISRE-driven luciferase
product calculated against a media only control. In each case, BRCA1 knockdown cells
were significantly hindered in their ability to produce IFN in comparison to control cells

(Figure 5.11A-F).

154



*k

50+ 81 60- —_—
. Scr shRNA . Scr shRNA . Scr shRNA
a0 BRCA1 ShRNA I:] BRCA1 shRNA I:] BRCA1 shRNA
6-
o o 40+
S 301 s 5
= - =
w w44 w
4 4 74
@ 20 G &
20+
2-
104
oL N oLomr—
HSV-60 dsDNA uT ISD uT Poly (dA:dT)
80- 61 ** 151
. Scr shRNA . Scr shRNA _— . Scr shRNA .
I:] BRCA1 shRNA I:] BRCA1 shRNA I:] BRCAT shRNA
60+
4 '
) o o 10
H] 3 H]
3 3 3
w404 w w
14 ['4 ['4
7] 7] 7]
2 5
204
0'i__| 0- o.il‘

E.Coli dsDNA uTt Pam3CSK4 uTt cGAMP

Figure 5.11 BRCA1 knockdown cells have impaired secretion of type | IFN. THP-1 monocytes
stably expressing control or BRCA1-targeting shRNA were differentiated to macrophage-like cells
and stimulated for 24 with A. 1 pg/mL HSV-60 dsDNA B. 1 pg/mL ISD C. 1 pg/mL Poly(dA:dT) D. 2
pug/mL E. Coli dsDNA E. 1 pg/mL Pam3CSK4 F. 1 ug/mL cGAMP, and supernatant collected. 3C11
IFN bioassay was then performed and IFN fold induction calculated. Results representative of at
least three separate experiments. ** p<0.01, ***p<0.001, ****p<0.0001
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This experiment was repeated with HSV1 to determine whether this phenomenon is
relevant in infection settings. Cells expressing two separate BRCA1-targeting shRNAs were
used, with successful protein knockdown confirmed by WB (Figure 5.12A). Supernatant
from both sets of knockdown cells induce lower luciferase activity, suggesting decreased
type | IFN secretion in response to viral challenge (Figure 5.12B). Moreover, IL-1B
production was investigated in these samples by use of ELISA on collected supernatant, as
TBK1 activity has been previously shown to influence this via regulation of both

468,469,471

inflammasome and NFkB activity . In response to HSV1, IL-1f secretion was also

severely impaired in BRCA1 knockdown cells (Figure 5.12C).
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Figure 5.12 BRCA1 knockdown cells have impaired induction of type | IFN and IL-1B in response
to HSV1 infection. THP-1 monocytes stably expressing control or BRCA1-targeting shRNAs were
differentiated to macrophage-like cells and A. assessed for BRCA1l knockdown by WB, or
stimulated for 24h with HSV1 at an MOI of 5 and supernatant collected before performing B. 3C11
IFN bioassay to calculate IFN fold induction or C. IL-1B ELISA and concentration calculated. Results
representative of at least three separate experiments. *p<0.05, ** p<0.01, ****p<0.0001
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5.3.8 Knockdown of BRCA1 renders cells more susceptible to HSV1 infection

The replication of HSV1 was then assessed in BRCA1 knockdown THP-1 cells, which were
infected with a GFP-tagged version of HSV1 at an MOI of 0.1 for up to 20 hours. GFP levels
were determined by FACS to follow the progress of infection, giving an indirect
measurement of viral replication capacity. GFP detection was more than three times
higher in BRCA1 knockdown cells (Figure 5.13), suggesting that these cells are more
susceptible to infection, perhaps due to the decreased type | IFN produced when BRCA1

levels are reduced.

. Control shRNA

' BRCA1 shRNA

GFP

Figure 5.13 BRCA1 knockdown cells are more permissive to HSV1 replication. THP-1 monocytes
stably expressing control or BRCA1-targeting shRNAs were differentiated to macrophage-like cells
and stimulated for 2h, 4h and 20h with GFP-tagged HSV1 at an MOI of 0.1 before FACS analysis of
GFP expression was performed.

157



5.4 Discussion

In this part of the study, | demonstrated that BRCA1 can be detected after IP of TBK1
exclusively in PRR-stimulatory conditions. The use of etoposide did not increase the
interaction of these proteins, even though DDR signalling was shown to be successfully
activated by the increase of pATM. Binding of TBK1 to its constitutive binding partner
TANK remained unaffected in all samples. It was not possible to IP endogenous BRCA1
using the conditions tested; many primary antibodies recognising BRCA1 were tested, and
multiple parameters within the protocol changed including lysis buffer, wash buffers,
antibody to bead ratio, bead type, and incubation periods. It is possible that the
antibodies tried either do not bind to the beads used, or that the BRCA1 binding epitope
is masked by bead conjugation.

Instead, the proximity ligation was used as an alternative technique to confirm the
interaction between TBK1 and BRCA1. This method has the added benefit of detecting
primary antibodies within a 40nm proximity, allowing protein interactions that are weak
or mediated by a bridging protein to be detected, thereby increasing sensitivity when
compared to conventional IP. In addition, it gives a spatial output, showing where the
interaction takes place within the cell. Finally, it requires small cell numbers, permitting
multiple conditions to be assayed and control experiments to be performed for each

d>"°%, After control samples confirmed increased cytoplasmic interaction of

antibody use
TBK1 with MAVS and STING after stimulation of RIG-1 and cGAS with IVT dsRNA and E. Coli
dsDNA, respectively, induction of DNA damage with etoposide demonstrated elevated
points of interaction in the nucleus between BRCA1 and yH2AX. However, the stimulation

of cells with IVT dsRNA or Pam3CSK4 did not increase the levels of this interaction,

validating that is specifically induced in genotoxic conditions. The subsequent increase in
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BRCA1 and TBK1 interaction demonstrated after treatment of cells with a range of PRR
ligands was visible in the cytoplasm of cells, and discernibly in perinuclear zones in some
samples. This supplements data obtained using confocal microscopy which demonstrates
BRCA1 and TBK1 localising to this cellular area after stimulation. Remarkably, the inability
of etoposide or bleomycin to induce the interaction between BRCA1 and TBK1 suggests
that this event is immune-specific, in contrast with BRCA1- yH2AX interactions which are
DNA Damage-specific. Infection with HSV1 and SeV also significantly increase the number
of visible interactions between the two proteins, although the number of interactions
detected in each case is generally lower than with use of PRR ligand. This may be due to
unphysiologically high amounts of agonists used, or the virus having mechanisms to
reduce this interaction if it does indeed have antiviral downstream functions.

| also show that BRCA1 is difficult to knock down at the protein level by RNAi methods in
primary MoDCs, even when transcript levels are significantly depleted. The BRCA1 protein
may have a long half-life in these cells, and thus the incubation time permitted may not
be sufficient to allow for degradation of existing protein. CRISPR- based knockout was not
used in the primary cells as the same problem of low transfection efficiency and stable
existing protein would remain. Nonetheless, the transduction of LVPs encoding BRCA1-
targeting shRNA into THP1 cells allowed a longer expression and incubation period to
permit degradation of existing protein, whilst also enabling antibiotic selection.
Experiments performed using these occasionally included wild-type THP1 cells, to
demonstrate that the control shRNA did not have abnormal inflammatory responses,
which would give a false disparity between these and BRCA1 knockdown cells.

This method proved to be extremely successful, and allowed functional studies to uncover

defects in TBK1 phosphorylation and subsequent levels of nuclear pIRF3 in BRCAl
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knockdown cells, in response to multiple PRR ligands. Low levels of pTBK1 were still
detected in PRR-stimulated BRCA1 knockdown cells, which may be due to the initial
autophosphorylation'® which does not fully activate the protein. Complete functional
activation of TBK1 is induced either by high local concentration*! or by other kinases being
recruited to specific signalling platforms®*>. BRCA1 may facilitate this by binding to TBK1
and recruiting other protein mediators which promote its phosphorylation to allow full
enzymatic activity. BRCA1 may do this by utilising its ability to interact with a plethora of
various binding partners and act as a scaffold protein to promote the progression of
multiple signalling pathways**>*%.

Reduced nuclear pIRF3 levels in BRCA1 knockdown cells expectedly translate to reduced
transcription and secretion of type | IFN upon stimulation of a range of PRRs including
TLRs, RLRs and CDSs in addition to pathogens with a DNA or RNA genome. The use of
cGAMP demonstrates that BRCA1 intersects with innate signalling pathways downstream
of initial receptor activation, whilst the finding that BRCA1 is involved in cellular responses
to IFN-stimulatory dsRNA and an RNA virus is novel; most studies are restricted to its
interaction with DNA in relation to repair and transcriptional control. In the case of all
stimuli, type | IFN was not completely blocked however, possibly due to redundancy in the
pathways leading to its production; as many viruses target IFN production to facilitate
efficient replication, alternative pathways can intervene to ensure a successful immune
response. Secreted IFN would usually bind its cognate IFNAR and induce signalling via the
Jak/STAT pathway to promote the expression of antiviral ISGs, a pathway which is
hindered as a result of reduced IFN production in BRCA1 knockdown cells. Additionally,
cells expressing two separate shRNA sequences targeting different parts of the BRCA1

genome secrete almost no IFN in response to HSV1 infection. The use of these differing
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shRNA sequences greatly reduces the probability that this phenomenon is caused by an
off target effect of the specific sShRNA sequence used. The substantially reduced IL-1B
produced in these samples further suggests that BRCA1l is important in general
inflammatory responses downstream of TBK1 activation, which has known roles in
regulating NFkB signalling'®>*®®*® and IL-1B production’’* in addition to its IFN-
stimulating function. Finally, viral replication in the form of GFP-tagged HSV1 is increased
in BRCA1 deficient cells compared to cells expressing the full complement of functional

BRCA1, probably due to the decreased IFN produced upon sensing of the pathogen.
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Figure 5.14 Proposed model of BRCA1 action in innate immune signalling. Upon PRR sensing of
PAMPS, signalling can converge upon TBK1 activation, initiating some transautophosphorylation
of TBK1 at S172. BRCA1 phosphorylation at S1524 is then promoted by TBK1 activity, which then
prompts binding of BRCA1 to TBK1, facilitating full phosphorylation of TBK1 and downstream
activation of IRF3 leading to type | IFN production.
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6 Concluding Discussion

6.1 Introduction

In this study, BRCA1 has been identified as phosphorylated at S1524 upon activation of a
range or PRRs spanning the TLR, RLR, CDS and NLR families which are located in different
parts of the cell. It was demonstrated that PRR stimulation does not induce any observable
DNA damage or DDR signalling, and that BRCA1 phosphorylation in this specific context is
independent of genotoxicity or oxidative stress. Additionally, BRCA1 phosphorylation is
not mediated by its canonical kinases, but rather intersects with innate immune signalling
downstream of adaptor recruitment and specifically downstream of TBK1 activation. It
was also demonstrated that BRCA1 biochemically interacts with TBK1 at organelles
derived from Golgi-related proteins, where activated TBK1 and STING reside after PRR
stimulation. The presence of BRCAL is required for full activation of TBK1, as assessed by
its phosphorylation. Consequently, it was shown that this requirement for BRCA1 also has
effects on downstream activity of TBK1, in nuclear levels of phosphorylated IRF3 and
subsequent expression of type | IFN and ISGs. Finally, reduced BRCA1 confers an increased

susceptibility to HSV1 replication.
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6.2 DNA Damage-independent BRCA1 phosphorylation

In this section of study, phosphoproteomic results identified proteins belonging to the
DDR as significantly differentially phosphorylated upon PRR stimulation. Interestingly, the
proteins identified in this manner were exclusive to each receptor stimulated. The
phosphorylation status of many of these proteins could not be validated, but upon further
specific study, BRCA1 was identified as phosphorylated in a general manner upon
activation of a range of PRRs spanning most families and cellular localisations. However,
BRCA1 was not identified in the proteomic data as differentially phosphorylated upon PRR
agonism.

Together, this highlights the strengths and caveats of large-scale phosphoproteomics.
Firstly, such techniques can allow the identification of novel crossovers between protein
networks and pathways which may be employed in specific cellular circumstances.
However, specificity and variability is an issue which may be alleviated by complementary
techniques of validation such as Western Blotting, where reagents permit. Sample number
may also hinder specific protein identification; as phosphorylation is a transient
modification, restricted sample numbers as a result of high computational and resource
burden may prevent capture of the specific time frame in which certain proteins are
differentially phosphorylated.

Nonetheless, the availability of phospho-specific antibodies to proteins identified by such
phosphoproteomics techniques has permitted the identification of BRCA1 S1524 as a
residue significantly phosphorylated under PRR-activatory conditions. Previously, this
residue was known to be phosphorylated predominantly by ATM, and to a much lesser

282,413

extent ATR, under genotoxic conditions . Specifically, phosphorylation of S1524 is

important in radio-resistance, with cells mutated at this residue displaying hypersensitivity
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to UV and IR exposure®®®. Under these circumstances, $1524 phosphorylation occurs most

398,413

frequently in the S-Phase of the cell cycle , of which MoDCs that were used in this

study do not enter. Instead, they reside in G "%,

This compounds to the curiosity of the observations made in this section of study which
uncovered a rapid induction of pBRCA1 in MoDCs in response agonists of TLRs, NLRs, RLRs
and CDSs. This level of phosphorylation of BRCA1 remains unchanged in MoDCs treated
with genotoxic agents which are shown to successfully induce DNA damage and activate
DDR signalling via yH2AX, ATM and CHK2. Similarly, excessively high induction of ROS,

often produced after APC activation*®**%

, also fails to induce BRCA1 phosphorylation at
this residue. Perhaps to expand upon this finding, other types of DNA Damage should be
pursued, given that each distinctly activates certain signal transduction pathways; UV and
IR may be of more relevance to this residue, although UV irradiation was briefly attempted
and yielded no results.

In order to determine whether this phenomenon is restricted to MoDCs, many other cell
types were used to attempt to recapitulate findings; only monocytes from which the
MoDCs derive show clear induction of BRCA1 phosphorylation at S1524. Other cell lines
tested failed to induce discriminable levels pBRCA1 (Figure S1), perhaps due to a
constitutively active or deregulated DDR which could be inherent in their transformed
nature as a result of multiple persistent mutations. However, Seiji Shiraishi has now
demonstrated that PRR stimulation in Hela cells can induce visible changes in BRCA1
phosphorylation (Figure S2). These cells also induce BRCA1 phosphorylation at this residue

upon etoposide treatment as would be expected. These are dividing cells, so in theory

require higher levels of genome protection and also progress through the cell cycle, which
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again primary non-proliferative MoDCs do not. This will therefore be a useful tool for
further study, as these cells are highly transfectable where THP-1 cells and MoDCs are not.
In supplement, | demonstrated that BRCA1 phosphorylation upon PRR activation was not
catalysed by BRCA1’s canonical kinases ATM or ATR, or their downstream kinases CHK1
and CHK2. To probe this further, lentiviral knockdown of all known kinases which
phosphorylate BRCA1 will be attempted, including Aurora A and Akt in addition to those
outlined above. Notwithstanding this, BRCA1 phosphorylation upon PRR agonism was
shown to be downstream of immune signalling, with inhibition of either TBK1 directly, or
processes which utilise TBK1, completely ablating this. Lentiviral knockdown of TBK1
confirmed specificity of this occurrence. However, to determine if TBK1 is the upstream
kinase of BRCA1 in PRR-activated contexts, non-radioactive and cell-free in vitro kinase
assays are being optimised (Figure S4). In these, TBK1 phosphorylation of IRF3 serves as a
positive control, and the presence of TBK1 alone or TBK1 in conjunction with its binding

partner IKKe>®

will be considered. The recently identified TBK1 consensus sequence
encoded in IRF3, TRIF, MAVS and STING™*, consisting of pLxIS (p, hydrophilic residue; x,
any residue; S, phosphorylation site), has been searched for in the BRCA1 gene sequence

but could not be found, suggesting that TBK1 may not be the direct upstream kinase for

BRCAL1 in this instance.
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6.3 BRCA1 binds TBK1 and facilitates its type | IFN promoting activity

Both pBRCA1 and pTBK1 were shown to increase at perinuclear areas occupied by Golgi-

43118507 - \where | confirmed the

derived organelles previously termed ‘microsomes
relocalisation of STING upon stimulation with dsDNA as proposed in other studies. BRCA1
was further demonstrated to colocalise with the activated phosphorylated form of TBK1
here. This was undertaken using an antibody recognising total BRCA1, and a distinct
redistribution of the protein is visible after PRR stimulation, with BRCA1 moving out of the
nucleus to form distinct Foci overlapping with pTBK1. Multiple sources have cited BRCA1
shuttling between cytoplasm and nucleus, but no reports identify a functional role for
BRCA1 in the cytoplasm?%*3%>433,

Here, | demonstrated that BRCA1 biochemically interacts with TBK1 in the cytoplasm
exclusively upon PRR stimulation; the induction of DNA Damage does not promote this
interaction. BRCA1 interacts with H2AX exclusively upon induction of genotoxic stress by
etoposide as expected*??, further demonstrating the DNA Damage-independent specificity
of BRCA1-TBK1 interactions. The presence of BRCA1 was also important for the full
activation of TBK1 after initial trans-autophosphorylation, with BRCA1l reduction
conferring impairment of IRF3 phosphorylation, downstream type | IFN production and
ISG expression. This occurred with use of classical IFN-inducing ligands which activate RLRs
and CDSs, as well as non-classical IFN inducers such as Pam3CSK4 which activates TLR2.
The role of TBK1 in mediating type I IFN induction downstream of TLR2 agonism has been

highlighted in recent years however!%%1133883903%1

. IFN production in response to infection
with viruses with both RNA and DNA genomes was also perturbed. The collective evidence

gathered supports the notion that BRCA1 cooperates with TBK1 to promote its type | IFN
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production activity in a broad manner, and has an effect to restrict viral replication as seen
with increased GFP-HSV1 replication in BRCA1 deficient cells.

Induction of IL-1B was also abrogated in BRCA1l knockdown cells. Both TBK1 and
BRCA1*%°%® have been suggested to have a functional role in NFkB activation and
inflammatory cytokine production, in particular downstream of autophagic activity

471,509

involving IL-1 . Findings here therefore may bridge other studies and potentially
identify a wide biological significance for this complex between BRCA1 and TBK1. More
study would be needed on this to determine the exact functional nature and capabilities
in different cellular circumstances.

The idea that BRCA1 may influence IFN production and signalling is not entirely novel;
some studies in the past have suggested that BRCA1 can regulate the signalling of the type
[l IFN, IFNY, through a mechanism utilising the transcriptional regulation activity of BRCA1

510,511

which targets IRF7 and type | IFN . Additionally, this function of BRCA1 has been

reported to be responsible for directly regulating the expression of key ISGs including MxA
and OAS1, in the presence of IFNy>*.

In fact, during the very late stages of this study, literature was published which directly
cites BRCA1 as forming a functional complex with IFI16 in response to infection by HSV1
(or other Herpesviruses). Similarly to this study, the BRCA1-containing complex is shown
to form in a DNA Damage-independent manner. The authors demonstrate that BRCA1
partakes in the formation of an ASC-containing inflammasomes in the cytoplasm which

induce the production of IFNB and IL-1p°*

. However, the authors stipulate that BRCA1
binds IFI16 in the nucleus of cells specifically alongside the Herpesvirus DNA genome, and

that signal transduction begins here. An interaction between BRCA1 and IFI16 has been

reported previously, with IFI16 being discovered to be a member of the large BRCA1-
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associated genome surveillance supercomplex (BASC)>**

, which plays multiple roles in
DNA damage sensing and repair. BRCA1 binding of IFI16 upon ligand sensing in the nucleus
wouldn’t account for the multiple PRR ligands demonstrated in my study, including dsRNA
and non-nucleic acid ligands in addition to Sendai virus with its RNA genome, which are
sensed out of the nucleus and promote BRCA1 phosphorylation and binding to TBK1.
Additionally, | show that the second messenger cGAMP which activates STING at ER
membranes can induce such activity of BRCAL. | propose that the study by Dutta et. al is
not incorrect, but rather is a part of a larger concept. That is, IFI16 may detect Herpesviral
DNA in the nucleus as reported previously>>*’°, but this may be part of the scheme
whereby BRCA1 is activated generally downstream of innate adaptor activation, and is
recruited to TBK1 in the cytoplasm to modulate its activity in circumstances requiring IFN
production. Formation of BRCA1-TBK1 complexes would facilitate IRF3 phosphorylation
and downstream type | IFN production, as well as TBK1’s emerging role in the formation
of autophagosomes which can be linked to inflammasome activity’’*; a process which

BRCA1 has also very recently been connected to>”

. Whether autophagy and mitophagy
positively or negatively regulate inflammasome activation is currently hotly debated®,
due to the complexity of signal transduction networks activated, itself dependent upon
the receptor stimulated. To study the extent, if any, of BRCA1 and TBK1’s role in
inflammasome activity, and to determine whether IFI16 employs BRCA1 specifically, one
could assess pro-caspase 1 and pro-IL-1B cleavage in addition to IL-18 secretion and ASC
speck formation. This would need to be performed using agonists to a range of
inflammasome-activating receptors, collectively possessing diverse chemical nature, in

order to show that BRCA1’s recruitment to innate signalling cascades is not dependent on

IFI16 and is not a result of direct ligand binding, as is suggested by Dutta et. al.
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6.4 Mechanism of BRCA1 influence of TBK1 activity

To understand the mechanism by which BRCA1 may influence the activity of TBK1, it is
necessary to look at the biochemical nature of the BRCA1 protein. In this study, S1524 was
identified as phosphorylated in response to PRR agonism. However, | did not investigate
the significance of this residue for induction of interferon responses. To assess this,
expression plasmids which encode either wild type BRCA1, or S1524- to Alanine or
Glutamine mutants, conferring a phosphomimetically ‘off’ or ‘on’ signal could be utilised.
These could be overexpressed in a BRCA1-deficient cell type, such as HCC1937 which have

mutant non-functional BRCA1°*

, or acommon cell line such as Hela cells where BRCA1 is
removed by CRISPR technology. Cells would then be stimulated with IFN-inducing ligand
such as dsDNA or dsRNA, and IFN production assessed in each case.

Similarly, to determine the biochemical function of BRCA1 when complexed with TBK1,
experiments could be performed in BRCA1 knockout cells which overexpress combinations
of BRCA1 domains. This would help determine both the binding site which is required for
interaction with TBK1, but also any function BRCA1 plays. It is likely the BRCT domains are
important for mediating this interaction, as they are for most other interacting

pa rtner5279'299'309

. In particular, these domains facilitate binding to other phospho-
proteins, of which TBK1 is one. BRCA1 may bind TBK1 and one of its regulating proteins to
create a scaffold, thereby permitting regulation of TBK1. To assess this, wild-type or BRCA1
knockdown cells could be stimulated and TBK1 immunoprecipitated. Samples could then

be analysed by mass spectrometry to determine which TBK1-interacting proteins rely on

BRCAL.
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6.5 BRCA1l-mediated Ubiquitination of TBK1?

When BARD1 is bound to BRCA1 at its N-terminal RING domain, this complex acts as a
RING E3 ubiquitin ligase®® which catalyses the addition of both polyubiquitin and
monoubiquitin chains onto substrate proteins. Indeed, BARD1 binding is necessary to

stabilise the proper conformation of BRCA1’s RING domain for E3 activity294

. The multiple
types of ubiquitin modification that BRCA1 can catalyse induce different signalling events.
These include linkages via K48 which induce a proteasomal degradation, K63-linkages>'®
which can be an activating mark that bypasses the 26S proteasome’"’, and additionally

non-conventional K6 linkages>*>°*®

of substrates including itself. Many substrates have
been identified for BRCA1/BARD1 mediated ubiquitination, including Histone proteins,
CtIP, ERa and TFIIE*®® and the binding site for most substrates is within the N-terminus of
BRCA1*®. In the case of CtIP, BRCA1l’s BRCT domains play the role of a recruitment
adaptor, before BRCA1 polyubiquitinates CtIP in a phosphorylation-dependent manner®*’.
TBK1 is also a node protein which contains a Ubiquitin-like domain (ULD) which interacts
with its kinase domain®?® and is critical for full IFN promoting activity>*". It is reported that
activation of TBK1 requires the K63-linked polyubiquitination of its K30 and K401 residues,

520

which is necessary for its full phosphorylation status at S172°°" and downstream IFN-

stimulating activity. Another report suggests K69, K154, and K372 as potential

polyubiquitination sites which are important for TBK1 activation in response to RNA

522

viruses™“. The K63-linked polyubiquitination of TBK1 has been proposed to provide a

platform for recruitment of a kinase which phosphorylates TBK1 in concert with initial

autophosphorylation®®®, which is unsurprising given the critical role of K63-linked

115,130,170,178,523-526

polyubiquitination in pathways mediated by TBK1 . In addition to

130,527
7

activating polyubiquitin additions to TBK1 mediated by MIB1, MIB2, and nirdpl
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deubiquitination of TBK1 an equally important role in regulating its activity; defects in the
deubiquitinase CYLD, incidentally a tumour suppressor protein, results in constitutive

activation of TBK1 and hyper-responsiveness to VSV infection'*’"”*

. Likewise, inhibition of
the K63 polyubiquitination of TBK1 by A20 or RNF11 serves as an inhibitory mechanism
for TBK1 activity. Additionally, E3 ligases such as DTX4, TRIP, Siglecl and SOCS3 can
catalyse K48-linked polyubiquitination of TBK1 to induce its proteasomal

degradation168,175,528,529

. Given that TBK1 contains a ULD and can interact with many E3
ligases, some containing RING finger domains, in addition to the discovery that TBK1 binds
to BRCA1 after stimulation of PRRs spanning different families, it is feasible to hypothesize
that BRCA1 uses its E3 ligase ability to bind to the ULD of TBK1 to regulate its activity.
Dependent on the upstream PRR and adaptor activated, BRCA1 may firstly stabilise the
interaction of TBK1 with other proteins in each specific complex, but BRCA1’s E3 Ubiquitin
ligase activity may be employed to regulate either a regulator of TBK1, or TBK1 itself,
permitting full activation of TBK1 and an appropriate IFN response.

Further supporting a potential link between TBK1 and BRCA1, and the E3 ligase activity it
possesses, recent studies have demonstrated that TBK1 and its binding partner IKKe can
contribute directly to cell transformation®°. IKKe is already an established breast cancer
oncogene which is amplified in 30% of breast cancers, which require IKKe mediated

531

phosphorylation of the tumour suppressor CYLD ", whilst TBK1 is emerging as a risk factor

in such cancers. It has been shown to enhance tamoxifen resistance by phosphorylating

ERa’*?, another target of BRCA1, whilst promoting cell survival in transformation and

189,533

cancers , including those that are KRAS-driven*. Consequently, targeting the

TBK1/IKKe axis has proven therapeutically successful in treatment of breast cancers>*>¥.
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Accounting for these observations, interaction with BRCA1 may not only be important for
antiviral signalling, but also in cancer, which will be discussed more.

To determine whether the E3 ligase activity of BRCA1 plays any functional role in its
binding to TBK1 and downstream IFN production, BRCA1 association with BARD1 could be
assessed, given the necessity for this in maintaining E3 ligase activity.
Immunoprecipitation of BARD1 and WB of BRCA1 is currently being optimised in both DNA
damaging and PRR-stimulatory conditions, whilst PLA could be performed under these
conditions to quantify and identify the localisation of this interaction. Additionally, HelLa
cells stably expressing HA-Ubiquitin have been created (Figure S3), with the vision of
additionally modifying these with LVPs encoding control or BRCA1-targeting shRNAs. The
ubiquitin proteome will then be investigated in untreated cells or those stimulated with
dsDNA or dsRNA. This would give a broad view of the E3 ligase activity of BRCAL in PRR-
stimulatory circumstances, and would help to pinpoint the nature of any E3 ligase
involvement in TBK1 activity; if BRCA1 doesn't promote the ubiquitination of TBK1 itself,
we may discover that BRCA1 alters the ubiquitination pattern of TBK1-regulating or
interacting proteins. Similarly, | could immunoprecipitate TBK1 in BRCA1 wild-type or
knockdown cells, and determine its Ubiquitination status in unstimulated and PRR-
stimulated conditions, utilising mass spectrometric techniques. To determine whether
BRCA1 binds the ULD of TBK1, cells could be made to overexpress wild-type or ULD-
deleted TBK1 (TBK1-A-ULD), and the complex formation between BRCA1 and TBK1 in PRR-

stimulatory conditions assessed.
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6.6 Wider Implications — Pathogen Replication

The discovery of a role for BRCA1 in antiviral and antibacterial immune responses begs the
guestion of whether people with BRCA1 mutations are more prone to infection and
whether BRCA1 plays a role in regulating infection on the organism scale. Data on this
subject is sparse at best, given the heavy focus on researching BRCA1 in cancer. However,
BRCAL1 has been shown to be hijacked by HIV-1 for its transcriptional regulation, in order
to promote Tat-dependent transcription and enhance viral replication®*. The restriction
of BRCAL1 to the nucleus in this process may also reduce IFN production by limiting its
cytoplasmic interaction with TBK1. Historically, HIV-1 is known to largely bypass host

539

sensing and IFN production (reviewed in”>”), and this may provide one of probably a

multitude of reasons as to why this happens. Similarly, HPV proteins E6 and E7 have been

540

found to directly interact with and modulate multiple activities of BRCA1>™, whilst another

study demonstrated disparate modification of BRCA1 localisation dependent on the virus
used to infect cells®*; Herpesviral infection re-dispersed BRCA1 from its resting nuclear
zones, whilst Adenovirus recruited BRCA1 to replication centres. Finally, the study
outlining a role for BRCA1l in IFI16-mediated Herpesvirus sensing outlined earlier,
demonstrated increased HSV1 replication in BRCA1 knockdown cells®*®. Although BRCA1
knockdown was shown to permit increased HSV1 replication in THP1 cells, the ideal
system to study this would be with a BRCA1 knockout mouse. However, complete loss of

both alleles results in embryonic lethality>*?

. Therefore, a mouse expressing inducible
Cd11c-Cre crossed with a floxed-BRCA1 mouse would provide an invaluable tool to study

the effect of a loss of BRCA1 on DCs.
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6.7 Wider Implications — Adaptive Immune Responses

The production of type | IFN by DCs can act in a variety of ways to co-ordinate the
activation, migration, differentiation and survival of multiple immune cell subsets. They
can act in a paracrine manner to influence maturation and migration of DCs, inducing the
expression of co-stimulatory molecules such as CD40, CD80 and MHC 11¥. The production
of type | IFN has also been shown to be key for inducing effective cross presentation by

545,546

DCs>****, particularly by CD8+ DCs which are the most potent in this role . The type |

IFN-mediated augmentation of CD8+ DC cross presentation activity also promotes antigen

retention and survival, which in turn enhances the induction of CD8+ T-cell responses™*°.

547,548

This is in addition to direct CD8+ T-Cell stimulation by IFNa , which also provides

protection from NK Cell-mediated cytotoxicity>*’

. Moreover, type | IFN production is
necessary for inducing clonal expansion of CD4+ cells during viral infection®™®. These
features make type | IFN indispensable for T-cell responses to infection®>, but it is also

210-212,486,488
. Th

emerging as imperative in DC-centric innate immune responses to cancer e

current model suggests that type | IFN produced by CD11c+ DCs downstream of sensing

551,552 .
,is

tumour antigens, including nucleic acid or metabolites released from dying cells
responsible for spontaneous tumour antigen-specific T-cell priming. This endogenous type
I IFN production is required for accumulation of CD8+ DCs in the tumour
microenvironment. Batf3'/' knockout mice which lack the CD8+ DC subset have confirmed
that these cells are absolutely required for T-cell priming®®® and tumour rejection*****2,

Therefore, | propose that mutations in BRCA1 which confer reduced type | IFN production
from APCs will also be detrimental to T-Cell responses to both tumour cells and pathogen.

To test this, experiments will be performed in which the ability of BRCA1-deficient cells

are able to cross present to and polarise T-cells, in response to stimulation with both viral
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and tumour-derived antigens. It would be expected that the cells in which BRCA1 is
knocked down will polarise T-cells to a lesser extent to their wild-type counterparts, either
as a result of decreased cross-presentation or antigen presentation. This would be as a
consequence of decreased type | IFN and the maturation it can induce.

Additionally, the expression of PD-L1 on DCs, which induces inhibitory signalling pathways

when it binds its mutual receptor PD-1 expressed on T-cells >**

, Will also be assessed in
BRCA1 knockdown cells. We were lucky enough to establish a collaboration with a
laboratory at University College London (UCL), who can procure blood from patients with
familial deleterious BRCA1 mutations for their own studies, and who have agreed to
provide samples for use in our studies. However, any effect observed on IFN responses or
DC maturation on these patients’ cells is likely to be partial as they would only be
heterozygous for the defective gene. Given the increasing support for type | IFN treatment

in cancer*®*%®

, this inhibitory axis may also provide a target for IFN therapy to BRCA1
patients, in which treatment with IFN may reduce the levels of PD-L1 and ‘release’ the
inhibited T-cell response. However, some studies have reported an inverse relationship,

where IFN treatment increases PD-L1 expression®>*, which could be detrimental to

prognosis. Regardless, this avenue would be useful to study.
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CD11c* cell

Danger
o signals

\ CD8a” DC
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CD8' T cells

Primed CD8* T cells

Figure 6.1 Proposed model of DC-mediated antitumour immune responses. This model proposes
that DCs sense antigens from dead or dying tumour cells, which induces their maturation, including
production of type | IFN. This promotes the activity of CD8+ DCs which then prime CD8+ T cells to
induce an anti-tumour response. Adapted from*®®
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6.8 Final remarks

This work provides evidence for a new role of BRCA1 in innate sensing, and in induction of
pro-inflammatory responses following PRR activation. New work and models highlighting

487,488,355 suggest that lack of BRCA1

the critical role of type | IFN in antitumour immunity
could present a ‘multifaceted predisposition’ to cancer. It is possible mutant BRCA1 might
influence cancer aggressiveness via immune effects as well as in effects on DNA repair, in
contexts where functional redundancy in innate responses is impaired. The relevance of

the effect of BRCA1 on innate signalling in either specific infections or cancer will be the

subject of future studies.
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7 Supplementary Figures
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Figure S1. Assessment of pBRCA1 levels upon PRR stimulation in multiple cell lines. 1 pug/mL
Pam3CSK4, 1ug/mL MDP, 100ng/mL LPS, 1 ug/mL R848, 1 ug/mL Flagellin, 100 uM etoposide, or
50J/m, UV radiation was used to stimulate A. Primary human CD14+ monocytes B. Caco-2 cells, C-
F. HCT-116 colonic epithelial cells G-H HT29 cells I-J DLD1 cells, for indicated times before WB
analysis using antibodies against pBRCA1, p-p44/42 MAPK and B-actin. B-J samples and western
blot performed by James Kinchen under my supervision and instruction.
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Figure S2. Optimisation of Hela cells for BRCA1 study. WB analysis of Hela cells A. stimulated
with different concentrations of etoposide for 15 minutes B. Stimulated with 100 uM etoposide
for various times C. Stimulated with 2 ug/mL E. Coli dsDNA for various times or D. Transduced with
LVPs encoding control or BRCA-targeting shRNAs, and stimulate with 2 ug/mL E. Coli dsDNA for

various times. Antibodies

against pTBK1, total TBK1, total BRCA1 and [B-actin were used. A-C

peformed by Seiji Shiraishi under my instruction. LVP production and transduction of cells for D

was performed by myself,
my instruction.

western blot and transfection was performed by Seiji Shiraishi under
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Figure S3. Optimisation of HA-BRCA1 expression. Hela cells were transfected with HA-BRCA1
encoding plasmids and subjected to A. WB using anti HA and BRCA1 antibodies 72 hours later to
determine expression level B. Immunoprecipitation using anti-HA antibody, and subsequent Silver
staining after 2h stimulation with 2 upg/mL of E. Coli dsDNA or IVT dsRNA, or C.
Immunoprecipitation using anti-HA antibody and WB, using BARD1 as a control.
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Figure S4. Optimisation of In Vitro kinase Assay. Different amounts of recombinant TBK1 (50ng,
100ng, 200ng) or IKKe (5ng, 10ng, 20ng) kinases were mixed with 100ng of recombinant IRF3
substrate and incubated at 30°C for 1h before WB analysis for pIRF3, total IRF3, TBK1 and IKKe.

Input unbound IP
Ctrl  TUBE2 Ctrl  TUBE2

Figure S5. Optimisation of Ubiquitin precipitation. Hela Cells were untreated or incubated with
20 uM MG132 and 50 uM PR614 for 30 min before ubiquitinated proteins were precipitated with
TUBE 2 ubiquitin-binding or control agarose beads. Input, unbound and precipitated samples were
then subjected to WB using anti-ubiquitin antibody. Performed by Seiji Shiraishi under my

instruction.
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