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Vaccinia virus BTB-Kelch proteins - ABSTRACT

Ruiyao Zhang

Vaccinia virus (VACV) is a valuable tool to study host-virus interactions and encodes
a plethora of immunomodulatory proteins, among which three, A55, C2 and F3, have
a BTB/BACK-Kelch (BBK) structure and are the focus of this study.

Proteins containing BTB and Kelch domains function as adapters for the cullin 3
(Cul3)-based E3 ubiquitylation system. VACV BBKs are not essential for viral
replication, but they all affect the lesion size induced by infection in an intradermal
murine model. Viruses lacking any one of these BBK proteins also induce increased
inflammatory cell infiltration into lesions. Deleting A55R or C2L also causes different
plague morphology and cytopathic effect in cultured cells. The mechanisms
underpinning these observations were unknown, and hence were the objectives of
this study. Besides, the interaction between Cul3 and VACV BBKs, the cellular
substrates of A55, C2 and/or F3, and the outcome of targeting these substrates were
also investigated.

The effect of VACV BBKs on innate immune signalling was studied, and NF-kB was
selected as a starting point because the ectromelia virus (ECTV) orthologue of A55,
ECTV EVM150, inhibits NF-kB signalling. Consistent with this, A55, C2 and F3 all
inhibit NF-kB signalling pathway by diminishing p65 nuclear translocation.
Specifically, A55 associates with importin KPNA2 and impairs the interaction
between KPNA2 and p65, hence reducing p65 importation into the nucleus.

A55 interacts with Cul3 directly and with high affinity, although the ability to inhibit
NF-kB is independent of binding Cul3. In contrast, C2 and F3 do not interact with
Cul3. However, C2 associates with A55, and via A55, it forms a complex with Cul3.
A working model was proposed in which A55, Cul3 and C2 form a complex, in which
A55 binds Cul3 and C2 brings in substrates, leading to the ubiquitylation of
substrates followed by protein degradation or modification.

To examine this working model and to identify novel viral BBKs substrates, an
unbiased tandem mass tag (TMT) mass spectrometry was carried out. Three cellular

proteins, Fer, Scrib and RASA2, are degraded during infection by wild type VACV,



but not by mutant VACVs lacking either C2 or A55. Thus, A55 and C2 function
collaboratively. A55 and C2 degrade Scrib, and an interaction between A55 and Cul3
is required for this. Using Scrib knockout (KO) cell lines, it was found that Scrib
restricts VACV spread. It was also found that VACV upregulates TGF-3 signalling

and Scrib influences the pathway.

Besides its adaptor protein role in the A55/Cul3 complex, C2 also associates with a
small GTPase named Cdc42. Cdc42 is stable during VACV infection, meaning that
C2 does not degrade Cdc42 via A55/Cul3. However, Cdc42 is activated by VACV,

and this activation is promoted by C2.

Overall, this study shows VACV expresses the family of BBK proteins to modulate

intracellular signalling and hijack host Cul3-ubiquitin system to target cellular proteins.
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1 Introduction

1.1 Vaccinia virus

Vaccinia virus (VACV), the live vaccine used to eradicate smallpox (Fenner et al.,
1998), is a member of the genus Orthopoxvirus (OPXV) of the family Poxviridae: a
family of large double-stranded DNA viruses that replicate in the host cytoplasm
(Fenner et al.,, 1988; Moss, 2013). There are two sub-families of Poxviridae:
Entomopoxvirinae that infect insects and Chordopoxvirinae that infect vertebrates.
The Chordopoxvirinae is subdivided into eight genera: Avipoxvirus, Leporipoxvirus,
Molluscipoxvirus, Suipoxvirus, Yatapoxvirus, Capripoxvirus, Parapoxvirus and
Orthopoxvirus (OPXV). The most intensively studied of these is the OPXV genus,
including VACV, camelpox virus, cowpox virus, ectromelia virus, monkeypox virus
and variola virus. Although VACV has been studied intensively, its origin and natural
host remain unknown (Baxby, 1981). After smallpox was eradicated, VACV has
continued to be studied because of its potential for development of new live vaccines
and its use as a research tool. Genetically engineered VACYV strains are being tested
as vaccines for many diseases including infectious diseases such as HIV, malaria,
Ebola and tuberculosis (TB), as well as tumours such as melanoma and other
adenocarcinomas (Walsh and Dolin, 2011). As a research tool, recombinant VACVs
are used to synthesise proteins and analyse structure-function relationships, and to
study the innate immune system (Moss, 1991). Since the concept of reusing VACV
as a vaccine for infectious diseases and tumours is attractive, improving the safety

and potency of VACV as a vaccine has been an important area of research.



1.1.1 VACV genome

The VACV genome is a linear dsDNA molecule about 190 kb in length and encodes
about 200 genes (Goebel et al., 1991). At each end there are inverted terminal
repeat (ITRs), and the DNA strands are connected by hairpin loops to form a
continuous polynucleotide chain (Geshelin and Berns, 1974). The ITRs contain sets
of short, tandemly repeated sequences (Wittek and Moss, 1980). The VACV genome
is A+T rich (67%), with little noncoding DNA and mRNAs are not spliced (Smith,
2008). The genome is generally divided into three regions: the central region, and
the left and right terminal regions. The central region is about 100 kb and encodes
proteins that are highly conserved between VACYV strains and other OPXVs, most of
which are essential for virus replication such as virion entry, DNA replication and
gene expression regulation (Upton et al., 2003). The terminal regions encode
proteins that are more variable between VACV strains and other OPXVs. These
proteins are mostly nonessential for viral replication and are involved in virus host
range, virulence and interactions with the host immune system (Gubser et al., 2004).
VACV genes are named based on the nomenclature established for VACV strain
Copenhagen (Goebel et al., 1991). The genome is divided into Hindlll restriction
fragments, lettered alphabetically according to size with A being the largest, and
within each fragment the genes are numbered from left to right and given R
(rightward) or L (leftward) to indicate the direction of transcription. The only except to
this is the Hindlll C fragment in which genes are numbered from right to left. Thus,
the A55R gene is the 55" gene within the Hindllll A fragment and is transcribed
rightward. More recently with other VACV strains, genes are numbered continuously
from left to right across the whole genome (Moss, 2013). Note that genes within the

ITRs are diploid.



1.1.2 VACV life cycle

Infected cells produce two morphologically different forms of infectious VACV
particles, named the intracellular mature virus (IMV) also called mature virus (MV)
and extracellular enveloped virus (EEV) also called extracellular virus (EV) (Roberts
and Smith, 2008). IMV is brick-shaped with dimensions 250 nm x 250 nm x 350 nm,
and contains the virus core and is surrounded by a single lipid membrane. The
majority of IMVs are released upon cell lysis. However, some IMV are enveloped at
sites away from the viral factory by 2 additional membranes to form a triple
enveloped virion called intracellular enveloped virus (IEV) or wrapped virus (WV)
(Roberts and Smith, 2008). This virion is transported to the cell surface on
microtubules where the outer membrane fuses with the plasma membrane so
externalising a double enveloped virus. If this virion remains attached to the cell
surface it is called cell associated enveloped virus (CEV) whereas if it is released it is
called EEV. Some authors refer to all extracellular virions as EV and do not

distinguish between EEV and CEV.

As mentioned before, most IMVs are released by cell lysis, whilst some IMVs are
transported and wrapped by a double membrane derived from early endosomes
(Tooze et al., 1993) and the trans-Golgi network (Schmelz et al., 1994), leading to
the production of intracellular enveloped virus (IEV) (Moss, 2006). IEVs are IMVs
with two more membranes (three in total) and are transported to the cell surface on
microtubules. The outer membrane of IEV fuses with the plasma membrane. These
enveloped virion particles with two layers of membrane are either cell-associated
enveloped virus (CEV) if retained on the cell surface (Blasco and Moss, 1992) or
EEV if released from cell surface (Sanderson et al., 1998a). CEVs induce the

formation of actin tails which drive viruses into neighbouring cells. In addition to cell-
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to-cell spreading driven by actin tails, VACV can also be disseminated by IMV
release after cell lysis, long-range dissemination of EEV and increased cell motility
induced by VACV (Roberts and Smith, 2008; Sanderson et al., 1998b). VACV
infection induces dramatic changes in cell function, metabolism and morphology.
These phenotypes are collectively termed the cytopathic effect (CPE) (Sanderson
and Smith, 1998), which includes the induction of early cell rounding, damage to the
host genome and RNA, inhibition of host protein synthesis, increase in cell migration
resulting from cytoskeletal remodelling and eventually, death of the infected cells

(Bablanian, 1968; Sanderson et al., 1998b; Tsung et al., 1996).

IMV enters cells via direct fusion with the plasma membrane (Carter et al., 2005) or
endocytosis (Townsley et al., 2006). EEV takes two steps to get rid of both
membranes and to expose virion core into cells: first shedding the external
membrane outside of cells and then fusion as an IMV with the plasma membrane
(Law et al., 2006). Alternatively, EEV can be taken up by endocytosis then the same
steps take place within an intracellular vesicle. After entry, the infecting viral core is
transported on microtubules deeper into the cytoplasm (Carter et al., 2003). Unlike
most other DNA viruses, poxviruses replicate and express their genomes within the
cytoplasm instead of in the nucleus of the infected cells (De Silva et al., 2007). The
viral core is partially uncoated, which allows the early mRNA transcription by the
virus-associated DNA-dependent RNA polymerase. The early mRNAs further uncoat
the core and lead to DNA replication. The perinuclear region of the infected cell
where cores accumulate is called the viral factory, where immature virions (1Vs) are

assembled and processed to form IMV (reviewed in (Condit et al., 2006)).
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1.1.3 Current studies of VACV
After its use for the eradication of smallpox, VACV has continued to be studied as a
tool to further explore biology and to develop therapeutics to battle infectious and

cancerous diseases in the modern world.

1.1.3.1 Oncolytics

VACYV has desirable characteristics to be an oncolytic virus for clinical application, for
example, 1) it is highly cytolytic for a wide range of tumour cell types; 2) it does not
integrate its genome into the host genome; 3) proven success in safely treating
patients with advanced cancer (Minev et al., 2019). Several phase | clinical studies
have demonstrated the safety and anticancer effect on patients who received
oncolytic VACV with attenuated virulence (Lauer et al., 2018; Mell et al., 2017; Minev

etal., 2019).

1.1.3.2 Model for virus-host interactions

VACYV is a good model to study virus-host interactions. VACV IMV was shown to use
micropinocytosis and apoptotic mimicry to enter host cells (Mercer and Helenius,
2008). IMV causes the formation of blebs in the plasma membrane, and the IMV
membrane is enriched in phosphatidylserine (PS) (Ichihashi and Oie, 1983). During
apoptosis, PS is exposed on the external leaflet of the plasma membrane (Leventis
and Grinstein, 2010). By mimicking apoptosis, VACV tricks cells to uptake its very
big viral particle without triggering immune detection. Now about 20 clinically
relevant viruses have been shown to employ this apoptotic mimicry entry pathway,
such as hepatitis A virus, dengue virus and Ebola virus (Amara and Mercer, 2015).
VACYV is a safer virus to work with than Ebola, and its research shed light on the

potential target for the treatment of Ebola infection.
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1.1.3.3 Vaccines

The COVID-19 pandemic, a global outbreak of the novel severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) which started in late 2019, and the acute
respiratory disease caused by the virus, COVID-19 (coronavirus disease) ((WHO),
2020), has caused >21 million infections and more than 0.75 m deaths (August 2020)
(Dong et al., 2020). More than 10 clinical trials of anti-viral drugs such as remdesivir
and other treatment options such as neutralising antibodies and even the use of
convalescent serum are undergoing (Amanat and Krammer, 2020), however vaccine

development is still pursued as the ultimate solution.

VACV has several useful features as an expression system, including: 1) the high
capacity for foreign DNA of at least 25 kb (Smith et al., 1983), 2) easy methods to
construct recombinant viruses, 3) ability to infect a wide option of cell types, 4)
cytoplasmic replication and not integrating its genome into the host genome and 5)
relatively high expression levels (Moss, 1996). Those advantages, plus the proven
success of eradicating smallpox, have brought VACV once again into the spotlight
during the pandemic. Recombinant VACV strains expressing foreign genes were
already shown to have potential application as vaccines as they could induce both
antibody and T-cell responses to the foreign antigen (Bennink et al., 1984). The
highly attenuated strain modified vaccinia virus Ankara (MVA) has little or no
replication in most mammalian cells, hence could be used as an expression vector
with a high degree of safety, even for immune-deficient animals (Stickl et al., 1974).
MVA has already been used to research and develop vaccines against AIDS, TB
and malaria (Sebastian and Gilbert, 2016; Volz and Sutter, 2017). MVA expressing
full-length MERS (Middle East respiratory syndrome) -CoV spike (S) glycoprotein

can induce specific CD8+ T cells and virus-neutralising antibodies in mice (Volz et al.,
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2015), and to induce a safe immunisation against MERS-CoV in a phase 1 clinical
trial (Koch et al., 2020). Although it is unlikely that MERS-CoV vaccines would
induce strong cross-neutralising antibodies against SARS-CoV-2 due to the
phylogenetic distance between the two viruses, the initial success in MERS-CoV can
be applied to SARS-CoV-2. In fact about four MVA-based and one horsepox vaccine
(another VACYV strain) candidates are being investigated among all studies utilising
either novel or conventional vaccine technology according to a WHO report (WHO,

2020).

In addition to therapeutic values, VACV also serves as a system to study cellular
biology, as many viral proteins are homologues of cellular proteins, such as VACV
B1 (Bidgood, 2019). B1 is highly conserved among poxviruses although it is missing
from molluscum contagiosum virus, and is essential for viral replication (Rempel et
al., 1990). As a protein kinase, B1 was found to share ~40% identity with a group of
cellular serine/threonine kinases, leading to the discovery of VACV-related kinases
(VRKs) (Nezu et al., 1997), probably due to the viral evolution to mimic VRK activity.
VRKs play important roles in regulating DNA replication, cell cycle progression and
cell proliferation. VRKs are also involved in several cancers including liver, lung and
breast cancer (Huang et al., 2016; Kim et al., 2015; Salzano et al., 2014), thus have
been treated as potential drug targets to battle cancer. VACV B1 studies are still

ongoing to better understand the VRK family (Olson et al., 2017).

1.2 VACV-host interplay

1.2.1 Immune response
Hosts deploy innate and adaptive immune responses against virus infection and in

turn viruses have evolved countermeasures. The study of viral evasion strategies
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aids understanding of the how the innate immune system works. The initiation of the
immune response to an invading pathogen such as a virus requires the host to
sense the organism and/or cellular metabolic changes and damage caused by
infection. This initial response to infection is primarily performed by germline-
encoded pattern recognition receptors (PRRs) triggered by pathogen-associated
molecular patterns (PAMPs) (reviewed by (Janeway and Medzhitov, 2002)). A
variety of PRRs are expressed by the innate immune system and are located on the
cell surface, in intracellular compartments (cytoplasm or nucleus) or secreted into the
bloodstream and tissue fluids (Medzhitov and Janeway Jr, 1997). Four major sub-
families of PRRs have been identified, including the Toll-like receptors (TLRs), the
nucleotide-binding oligomerisation domain (NOD)-leucine-rich repeats (LRR)-
containing receptors (NLR), the retinoic acid-inducible gene 1 (RIG-1) -like receptors
(RLR; also known as RIG-1-like helicases—RLH), and the C-type lectin receptors
(CLRs) (Walsh et al., 2013). PRRs then activate immune signalling pathways and
lead to the activation of transcription factors to promote expression of pro-
inflammatory molecules such as cytokines, chemokines and type | interferons (IFNs).
These may restrict virus replication and activate immune cells (macrophages,
neutrophils, dendritic cells (DCs) and natural killer (NK) cells), among which NK cells
serve as the major innate immune effector cells. PRRs also inhibit viral spreading by
inducing apoptosis in infected cells (Williams, 1999). After release from cells,
cytokines, chemokines and IFNs engage with their receptors on the cell surface,
inducing inflammation that amplifies the immune response and recruits other
immune cells to the infection sites (reviewed by (Medzhitov, 2007)). During these
processes, IFNs induce signalling via the JAK-STAT pathway leading to the

transcription of a diverse range of genes called IFN-stimulated genes (ISGs), which
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restrict viral infection by multiple mechanisms (Randall and Goodbourn, 2008).
Innate immunity restrains virus replication and/or spreading, and promotes the
elimination of the infection until the antigen-specific long-lasting adaptive immune

responses are developed (Bonilla and Oettgen, 2010).

PRR-mediated signalling activates antigen-presenting cells (APCs) such as DCs and
macrophages to upregulate the expression of MHC class Il molecules, co-stimulatory
molecules (such as CD80 and CD86) and pro-inflammatory cytokines (type | IFNs,
tumour necrosis factor (TNF), interleukin (IL)-1, IL-6 and IL-12) (Takeuchi and Akira,
2010). Activated professional APCs migrate to draining lymph nodes where they
prime naive virus-specific CD4+ T cells to differentiate into antiviral effectors. CD4+
T cells promote antibody production by B cells and enhance effector CD8+ T cell
responses and memory during certain viral infection infections such as VACV
(reviewed by (Swain et al., 2012)). The co-stimulatory ligands expressed by CD4+ T
cells such as CD40 ligand (CD40L) contribute to B cell activation and antibody
production. The interaction between CD40L and CD40 (expressed on B cells) is
crucial for humoral responses against some viruses such as HSV (Edelmann and

Wilson, 2001).

During infection, some of the viral proteins will be degraded into peptide fragments,
which will be presented on MHC class | molecules to be recognised by CD8+ T cells.
Viral antigens from virions or infected cells may also be picked up and processed by
professional APCs to present viral peptides on MHC class | and class Il molecules.
CD4+ T cells recognise MHC class Il-peptide complexes on APCs and activate
APCs by the interaction of CD40 and CD40L (on DCs). Activated APCs such as DCs
can upregulate the expression of maturation markers CD80/CD86, which interact

with CD28 on naive CD8+ T cells. Both the CD28 signalling and the recognition of
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the MHC class I-peptide complex by the T cell receptor (TCR) on CD8+ T cells leads
to the activation of the CD8+ T cells, which then release cytotoxic granules, induce
apoptosis in virus-infected cells and produce cytokines such as TNF-a and IFN-y.
After the primary infection, some activated T cells will develop into memory T cells
and can rapidly mature into effector cells should a secondary infection happen

(reviewed by (Sietske et al., 2014)).

During innate immune responses, several signalling pathways including the NF-kB,
IRF3 and MAPK signalling pathways are important in stimulating the synthesis of
IFNs, cytokines and chemokines in response to PAMP recognition. Extensive studies
have shown that VACV encodes a plethora of proteins to regulate those signalling

pathways.

1.2.1.1 The NF-kB (nuclear factor kappa light-chain enhancer of activated B
cells) signalling pathway
NF-kB represents a family of inducible transcription factors that play an important
role in almost all mammalian cells, controlling DNA transcription, cytokine production,
cell survival and other important cell events, especially in regulating the immune
response to infection (Oeckinghaus and Ghosh, 2009). The NF-kB family is
composed of five structurally related members, including NF-kB1 (p50), NF-kB2
(p52), RelA (p65), RelB and c-Rel. These NF-kB members bind to a specific DNA
element (kB enhancer) as hetero- or homo- dimers to mediate transcription of target

genes (Sun et al., 2013).

NF-kB is activated by two signalling pathways — the canonical and noncanonical
pathway. The activation of the canonical NF-kB pathway is a common event

especially in response to PRRs activation expressed by innate immune cells
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including macrophages, DCs and neutrophils, leading to the transcriptional induction
of pro-inflammatory cytokines (e.g. IL-1, IL-2, IL-6, IL-18, TNF-a) and chemokines
(IL-8, CXCL10). The canonical NF-kB pathway also regulates the activation and
differentiation of T cells of adaptive immune response, for which the noncanonical

NF-kB pathway is nonessential (reviewed by (Liu et al., 2017)).

The canonical NF-kB pathway begins from the activation of cell surface receptors of
pro-inflammatory cytokines and PAMPs, such as TNF receptors (TNFRs), PRRs,
TLRs and T/B cell receptor (Zhang and Sun, 2015). Different PRR pathways
converge at the transforming growth factor-B-activated kinase 1 (TAK1) (Sato et al.,
2005), with 2-3 regulatory subunits TAB1/2/3. TAB2 binds poly-ubiquitin chains and
is required for TAK1 activation. TAK1 then activates the IkB kinase (IKK) complex
(Karin and Delhase, 2000). IKK is composed of two catalytic subunits, IKKa and
IKKB, and a regulatory subunit NF-kB essential modulator (NEMO) (also known as
IKKy) (Israél, 2010). Once activated, IKK phosphorylates IkBa, triggering the
ubiquitin-dependent proteasomal degradation of IkBa, which then releases canonical
NF-kB members, predominantly the p65/p50 heterodimer, into the nucleus (Hayden
and Ghosh, 2008). Here it binds to the kB enhancer and stimulates gene expression
through the transcriptional activation domain (TAD) of p65 (Ghosh and Karin, 2002)
(Figure 1.1). The posttranslational modifications (phosphorylation, acetylation and
methylation) of p65 play a key role in regulating the transcriptional activity of NF-kB.
Especially, the reversible acetylation of p65 by enzymes such as p300/CBP
regulates diverse functions of NF-kB, including DNA binding activity, transcriptional
activity and association ability with IkBa, thus playing important roles in the NF-kB-
mediated inflammatory response (reviewed by (Huang et al., 2010)). In addition, the

nuclear translocation of p65/p50 is regulated by nucleocytoplasmic transport
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mediators. For example, karyopherin alpha 2 (KPNAZ2) interacts with the nuclear
localisation signal of p65, and transports the p65/p50 dimer into the nucleus in TNF-

o-treated A549 cells (Liang et al., 2013a).

Unlike the canonical pathway, the noncanonical NF-kB pathway responds selectively
to a specific group of stimuli, such as the ligand of the TNFR family member CD40,
and it does not involve IkBa degradation. The central signalling molecule NF-kB-
inducing kinase (NIK) activates IKKa, and the latter phosphorylates the NF-kB2 (p52)
precursor protein p100, leading to p100 ubiquitylation and processing to generate
mature p52. The noncanonical NF-kB complex p52/RelB then translocates into the
nucleus. The noncanonical NF-kB is involved in the regulation of certain functions of
the adaptive immune system as a supplementary signalling in collaboration with

canonical NF-kB pathway (reviewed by (Liu et al., 2017)).

Besides PAMPs and pro-inflammatory factors, a group of proteins called the TNFR-
associated factors (TRAFs) activate both canonical and noncanonical NF-kB
pathways (Zhang et al., 2011). The TRAF family has 6 typical members (TRAF1-6)
and an atypical member (TRAF7). Except TRAF1, all TRAF members contain a
RING domain (really interesting new gene) (Ha et al., 2009) which mediates protein
ubiquitylation of the E3 ubiquitin ligases (Deshaies and Joazeiro, 2009). TRAF6 has
a crucial role in mediating signalling from TNFRs as well as other immune receptors
such as the IL-1 receptor, TGF-f receptor and antigen receptors. TRAF6 conjugates
ubiquitin chains onto itself as well as TAB2/3 (Kanayama et al., 2004), NEMO (Liu
and Chen, 2011), and TAK1/IKK (Lamothe et al., 2007). TRAF2 functions in TNFR1
and TNFR2 signalling. TRAF2 binds to the cytoplasmic domain of TNFR2 and
recruits E3 ubiquitin ligases clAP1 and clAP2. Upon activation, clAPs conjugate

K63-linked ubiquitin chains to receptor-interacting protein kinase 1 (RIP1), which
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recruits and activates TAK1 and recruits linear ubiquitin ligase complex (LUBAC).
LUBAC further conjugates linear ubiquitin chains to NEMO. The activation of both
TAK1 and NEMO leads to the downstream activation of NF-kB. In TNFR1 signalling,
instead of binding to TNFR1 receptor, TRAF2, along with TRAF5, forms a complex
with TNFR1, TNF receptor-associated death domain (TRADD), RIP1 and clAPs

(reviewed by (Shi and Sun, 2018)).

So far 16 VACV proteins (13 published; unpublished: C2 and F3 in this thesis; C16
(Scutts, 2017)) have been shown to inhibit NF-kB signalling pathway. These proteins
are expressed early during infection, and interfere with the NF-kB signalling at
different stages of the pathway. For example from up- to downstream, VACV B15
(Alcami and Smith, 1992), cytokine response modifier C (CrmC, protein A53) and E
(CrmE) (Alcami et al., 1999) act as soluble IL-13 or TNF receptors to compete with
the interaction between IL-13/TNF and the respective host receptors. A52 and K7
interact with TRAF6 (Harte et al., 2003; Schroder et al., 2008b). VACV B14 binds
IKKB and prevents IKKB phosphorylation and activation (Chen et al., 2008; Tang et
al., 2018). A49 binds the E3 ligase B-TrCP and prevents the ubiquitylation and
degradation of IkBa (Mansur et al., 2013). A55 associates with KPNA2 to impair p65
translocating to the nucleus (Pallett et al., 2019). K1 acts at one of the most
downstream events of NF-kB activation because it inhibits CBP/p300-mediated NF-
KB activation and prevents p65 acetylation (Bravo Cruz and Shisler, 2016). N1 has
also been reported to inhibit NF-kB activation (DiPerna et al., 2004), however it is
disputed whether N1 inhibits the pathway by binding to IKK complex (Chen et al.,
2008) and the mechanism by which N1 inhibits the pathway remains unclear. A full
list of published VACV NF-kB inhibitors (Smith et al., 2013) except A55 (Pallett et al.,

2019) and C16 are summarised in (Scutts, 2017).
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Figure 1.1. Simplified canonical NFkB signalling pathway. Upon external or
internal stimulation the TAK/TAB complex is activated, which phosphorylates IKKa or
IKKB. The activated IKK complex further phosphorylates IkBa, leading to its
ubiquitylation and degradation, freeing NF-kB subunits to translocate into the
nucleus, and to induce transcription from NF-kB responsive genes that encode
cytokines, chemokines and IFNs.

1.2.1.2 The IRF3 (interferon (IFN) regulatory factor 3) signalling pathway

Antiviral signalling is also regulated by IRF3 signalling pathway. IRF3 is essential for
innate immune response and type | IFN production. Viral RNA, cytosolic DNA and
the bacterial cell wall component lipopolysaccharide (LPS) activate downstream
signalling through PRR-adaptor protein pairs, including RIG-I-MAVS, cGAS-STING
and TLR3/4-TRIF. MAVS, STING and TRIF activate IKKg and TBK1 through adaptor
proteins, which then recruit and phosphorylate IRF3. Phosphorylated IRF3 dimerises
and enters the nucleus to induce transcription of IFNa, cytokines and chemokines

(reviewed by (Liu et al.,, 2015)). For example, upon recognition of viral RNA, the
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CARD domain of RIG-I is exposed and binds to the E3 ubiquitin ligase TRIM25,
which then conjugates K63 polyubiquitin chains (Gack et al., 2007). The K63
ubiquitin chains promote the interaction between RIG-I and MAVS, and the latter
recruits E3 ligases TRAF2, TRAF5 and TRAF6 to synthesise more polyubiquitin
chains that recruit NEMO to the MAVS complex, leading to the recruitment and

activation of IKK and TBK1 (Liu et al., 2013).

IRF3 is essential for the innate immune response, making it a target of viral infection.
For example, VACV C6 inhibits IRF3 activation downstream of TBK1 and IKKg, by
associating with the TBK1 complex scaffold proteins TRAF family member-
associated NF-kB activator (TANK), NAK-associated protein 1 (NAP1) and similar to
NAP1 TBK1 adaptor (SINTBAD) (Unterholzner et al., 2011b). K7 binds to DDX3, an
adaptor for TBK1 and IKKg, or directly interacts with the IFN-B promoter to inhibit
IRF3 signalling (Mulhern and Bowie, 2010; Schroder et al., 2008a; Soulat et al.,
2008). N2 inhibits IRF3 activation in the nucleus by an unknown mechanism

(Ferguson et al., 2013).

1.2.1.3 The MAPK (mitogen-activated protein kinase) signalling pathway

MAPKSs are serine/threonine kinases regulated by a cascade phosphorylation system,
in which a series of three protein kinases, MAPKKK (MAPK kinase kinase), MAPKK
(MAPK kinase) and MAPK are phosphorylated and activated sequentially. MAPKs
are grouped into three main families in mammals, including ERKs (extracellular
signal regulated kinases), JNKs (Jun amino-terminal kinases) and p38 isoforms
(reviewed by (Morrison, 2012)). The ERK pathway is mainly activated by growth
factors and hormones whilst the JNK and p38 pathways are activated by
environmental stress and pro-inflammatory cytokines. Once activated MAPKs

translocate into the nucleus and phosphorylate a large number of substrates
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(Cargnello and Roux, 2011). Among the substrates, MAPK increases and regulates
the abundance and trans-activating capacities of DNA-binding proteins: Jun family,
Fos family and ATF family. The basic region-leucine zipper (bZIP) proteins of these
three protein families as well as of the Maf family, form homo- or hetero- dimers
transcription factor named activating protein 1 (AP-1). AP-1 binds and controls the
transcription of several genes containing AP-1 sites also known as TPA-responsive
elements (TREs) (Angel and Karin, 1991) with critical functions in a wide variety of
cellular processes, including inflammation, proliferation, differentiation and apoptosis

(Gazon et al., 2018).

MAPK signalling is upregulated during VACV infection to support viral replication and
spread (de Magalhées et al., 2001). VACV-induced growth factor (VGF), a secreted
virulence factor, shares structural homology with epidermal growth factor (EGF) and
competes with EGF for binding to EGF receptor (EGFR) (Twardzik et al., 1985),
leading to the activation of EGFR-Ras-MEK-ERK and the enhancement of cell
survival (Postigo et al., 2009). VACV A52, B14 and K7 also contribute to AP-1

activation during VACV infection by unclear mechanisms (Torres et al., 2016).

VACV has evolved many strategies to counteract the host response that restricts
virus replication and spread (Smith et al., 2013) and additional VACV proteins that
inhibit innate immune signalling pathways probably remain to be identified. A better
understanding of these immunomodulators will provide potential to create more
immunogenic VACV strains. In addition to modulating the host immune response,
VACV deploys other strategies such as targeting cell motility and apoptosis

signalling in order to benefit viral replication and/or spreading.
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1.2.2 Other cellular signalling pathways

Poxviruses in general, and VACV in particular, are known to cause a cytopathic
effect (CPE) in infected cells, which includes the induction of early cell rounding,
increase in cell migration resulting from cytoskeletal remodelling and eventually,
death of the infected cells (Bablanian, 1968; Sanderson et al., 1998b; Tsung et al.,
1996). VACV promotes cell motility (Sanderson et al., 1998b), and the viral factors
such as F11L (Valderrama et al., 2006; Zwilling et al., 2010) and VGF (Beerli et al.,
2019) promote infected cell motility and it was suggested that this enhanced the
spread of viral infection. Given that epithelial cells, particularly at the skin, are the
primary sites of infection for many poxviruses, and due to the shared characteristics
of VACV-infected cells, such as the induction of migratory and invasive properties in
infected cells, VACV CPE has been linked to EMT (epithelial to mesenchymal
transition) as a potential mechanism of viral spread within the host (McKenzie, 2016).
EMT is an integral process in development, would healing and cancer progression
(Kalluri and Weinberg, 2009; Thiery et al., 2009). In this process, epithelial cells lose
their polarity and associations with neighbouring cells and become invasive and
motile, subsequently separating from the epithelium to take on mesenchymal
characteristics (Lamouille et al., 2014). Because VACV CPE is reminiscent of EMT
processes such as cell migration, elongation and detachment, it has been proposed
that VACV repurposes EMT signalling pathways to force a mesenchymal transition

to enhance viral spread (Gowripalan, 2018).

There are three major EMT signalling pathways, namely TGF-, Wnt and Notch
signalling (Lamouille et al., 2014). VACV upregulates TGF-f during infection (Beerli
et al., 2019; Gowripalan et al., 2019), and ectopic VACV protein A49 upregulates

Wht signalling (Maluquer de Motes and Smith, 2017).
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TGF-B signalling is initiated by extracellular TGF-B superfamily members (TGF-(3,
BMPs (bone morphogenetic protein), activins, GDFs) binding to their heterodimeric
transmembrane receptor complexes. Binding of a constitutively active kinase, the
type Il TGF-B receptor, leads to the phosphorylation of the type | receptor, which in
turn phosphorylates Smad family proteins (Javelaud and Mauviel, 2004). Receptor-
activated Smads (R-Smads) are ligand-specific: Smad1, Smad5 and Smad8 are
phosphorylated by BMP receptors whilst Smad2 and Smad3 are activated by TGF-f3
and activating receptors. The R-Smads form heteromeric complexes with the
common mediator for all Smad pathways, Smad4, and then translocate to the
nucleus. In the nucleus, this signalling complex initiates transcription of Smad target
genes with the assistance of DNA binding partners (DBPs). More than 500 genes
have been identified as Smad targets (Massagué et al., 2005). In certain conditions,
a subclass of Smads, known as the inhibitory Smads, Smad7 and Smad6, are able
to impede signalling by inhibiting R-Smads phosphorylation (Figure 1.2). Loss of
components of cell adhesion and polarity promotes EMT, and TGF-( is involved in
promoting EMT during both development and disease (Thiery et al., 2009). The link
between TGF-B and cell polarity proteins has been studied. For example, an
essential factor for cell polarity named Scrib has been shown to downregulate TGF-f3

signalling (Yamben et al., 2013).
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Figure 1.2. The TGF-B signalling pathway. Signalling is initiated by extracellular
TGF-B superfamily members binding to their heterodimeric transmembrane receptor
complexes at the cell surface. Binding of a constitutively active kinase, the type Il
TGF-B receptor, leads to the phosphorylation of the type | receptor, which then
phosphorylates Smad family proteins. The R-Smads form heteromeric complexes
with Smad4, the common mediator for all Smad pathways, and then translocate to
the nucleus. In the nucleus this signalling complex initiates transcription of Smad
target genes with the assistance of DBPs. A subclass of Smads, known as the
inhibitory Smads, Smad7 and Smad6, are able to impede signalling by inhibiting R-
Smads phosphorylation in certain conditions. Diagram is adapted from (Mauviel et
al., 2012).

1.2.3 VACV-induced cell motility

VACYV induces two forms of cell motility: cell migration and formation of cellular
projections, controlled by the expression of early and late genes respectively
(Sanderson et al., 1998b). Both the cell motility changes are key events in VACV-

induced CPE, which resembles wound healing and tumour metastasis
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(Lauffenburger and Horwitz, 1996). The Rho GTPase family, Rac1/Cdc42 and RhoA
have been well demonstrated to control cell motility by regulating actin dynamics for

leading edge extension and rear edge retraction (Ridley, 2015).

VACV F11 is required for VACV-induced cell motility by inhibiting RhoA signalling.
F11 binds RhoA and blocks RhoA interaction with its downstream effectors Rho-
associated kinase (ROCK) and mbDia (Valderrama et al., 2006). F11 promotes
migration of infected cells. Loss of F11 or its ability to interact with RhoA also
significantly reduces actin tails and cell-to-cell viral spread, and maintains cell-to-cell
contacts. A virus lacking F11 showed reduced viral spreading to lungs and spleen in
intranasal mouse models of infection (Cordeiro et al., 2009). However F11 alone is
not sufficient for VACV-induced cell migration, and other factors seem to be required
(Zwilling et al., 2010). Another example is VGF, the VACV homolog of EGF. Viruses
lacking VGF produce plaques with reduced size and decreased cell migration. The
activation of EGFR/MEK/FAK signalling is critical for cell motility and cell-to-cell virus
spread. VGF mimics EGF to activate this pathway and hijacks cell movement to

spread infection (Beerli et al., 2019).

1.2.4 Apoptosis

In host defence, three mechanisms are used to molecularly control cell death, i.e.
apoptosis, necroptosis and pyroptosis, and eliminate infected cells (Amarante-
Mendes et al., 2018). Apoptosis is a genetically encoded programme leading to cell
death and production of immunosuppressive cytokines (Griffith and Ferguson, 2011).
Apoptosis typically goes through two signalling cascades, the intrinsic and extrinsic
pathways, and both lead to the activation of the executioner caspases, caspase 3
and caspase 7. In the extrinsic pathway, ligands such as FAS or TNF are recognised

by a death receptor, leading to the recruitment of FAS-associated death domain
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protein (FADD). FADD binds, dimerises and activates caspase 8, which directly
activates caspase 3 and caspase 7. The intrinsic pathway is initiated by apoptotic
stimuli such as DNA damage or ER stress. B-cell lymphoma 2 (Bcl-2) homology 3
(BH3)-only proteins are then activated, leading to the activation of Bcl-2-associated
X protein (BAX) and Bcl-2 antagonist or killer (BAK). BAX and BAK cause the crucial
event of mitochondrial outer membrane permeabilisation (MOMP). Proteins such as
cytochrome c are released from the mitochondrial intermembrane space (IMS).
Cytochrome c then binds apoptotic protease-activating factor 1 (APAF1), causing
oligomerisation and the apoptosome structure, which recruits and activates caspase
9. Caspase 9 cleaves and activates caspase 3 and caspase 7, leading to apoptosis
(reviewed by (Tait and Green, 2010)). Alternatively, apoptosis also encompasses

caspase-independent cell death (CICD) (Tait and Green, 2008).

Viruses have evolved molecular strategies to subvert host cell apoptotic defences
(Kvansakul, 2017). VACV encodes several proteins to inhibit apoptosis signalling at
different stages (Veyer et al., 2017), including B13 (Dobbelstein and Shenk, 1996;
Kettle et al., 1997), E3 (Kibler et al., 1997), F1 (Wasilenko et al., 2003), N1 (Cooray
et al.,, 2007), Golgi anti-apoptotic protein (GAAP, present in some VACV strains)
(Gubser et al., 2007) and M1 (Ryerson et al., 2017). For example, the most potent
apoptosis inhibitor from VACV, B13 (Veyer et al., 2014), protects FAS or TNF-
induced apoptosis and targets caspase 8 (Dobbelstein and Shenk, 1996) and

caspase 3 (Veyer et al., 2014).

1.2.5 VACV and the cellular ubiquitin system
Ubiquitin is a 76 amino acid protein that is important for protein degradation and
post-translational modification (Pickart and Fushman, 2004). Proteins are modified

by mono-ubiquitin or poly-ubiquitin in 3 steps: first, ubiquitin activation by ubiquitin
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activating enzyme (E1); second, ubiquitin transfer to a ubiquitin-conjugating enzyme
(E2); third, ubiquitin transfer to the target protein by a ubiquitin ligase (E3) (Barry et

al., 2010; Komander and Rape, 2012).

E3s are the most heterogeneous class of enzymes in the ubiquitylation pathway and
RING E3s are the most abundant type of ubiquitin ligases. RING E3s are
characterised by the presence of a zinc-binding domain named RING (Really
Interesting New Gene), which is responsible for binding the ubiquitin-charged E2 and
stimulating ubiquitin transfer. Some RING E3s are composed of multiple subunits,
such as the cullin-RING ligases (CRLs) (reviewed by (Morreale and Walden, 2016)).
Cullins are a family of hydrophobic scaffold proteins which bind a RING protein at its
N terminus and an adaptor protein and a substrate receptor (responsible for
substrate specificity) at its C terminus (Morreale and Walden, 2016). The human
genome contains eight cullin genes, including Cul1, Cul2, Cul3, Cul4A, Cul4B, Cul5,

Cul7 and Cul9 (Bosu and Kipreos, 2008).

The ubiquitin-proteasome system is involved in regulating many important host
pathways including antigen presentation, cell cycle progression, signal transduction
and DNA repair (Weissman, 2001), and therefore has become an attractive target by
viruses. Ubiquitin constitutes at least 3% of the total protein in VACV virions (Chung
et al., 2006). In fact, a functional ubiquitin-proteasome is necessary for the
replication cycle of poxviruses, and inhibition of the ubiquitin-proteasome system by
proteasome inhibitors such as MG132 interferes with the formation of virus factories,
prevents VACV DNA replication, prolongs early gene expression, and inhibits the
expression of intermediate and late genes (Teale et al., 2009). Specifically, MG132
mediates its adverse effect 2-4 h after infection, the time of the onset of viral DNA

synthesis (Satheshkumar et al., 2009).
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Poxviruses deploy various strategies to target and subvert host ubiquitin systems
(reviewed by (Barry et al., 2010)). For example, poxviruses encode Ankyrin-F-box-
like proteins and BTB-Kelch proteins to interact with cellular Cul1 and Cul3,
respectively. Ectromelia virus (ECTV) encodes 4 Ankyrin-F-box proteins EVMO002,
EVMO005, EVM154 and EVM165. These proteins contribute to the inhibition of NF-kB
activation by preventing IkBa degradation potentially via targeting SCF (Skp1, Cul1,
F-box) ubiquitin ligase, as IkBa is recruited to the SCF and degraded by the F-box
domain containing protein BTrCP (Burles et al., 2014). VACV A49 binds the E3
ligase B-TrCP and prevents the ubiquitylation and degradation of IkBa (Mansur et al.,
2013). In addition, poxviruses encode their own RING-domain-containing ubiquitin

ligase as well (Shchelkunov, 2010; Zhang et al., 2009).

Poxvirus proteins can also be modified by host ubiquitin. For example VACV N1 is
covalently ubiquitylated both during viral infection and following ectopic expression
(Maluguer de Motes et al., 2014). A global LC-MS/MS-based ubiquitinome analysis
identified 137 conserved ubiquitylation sites in 54 viral proteins among five CPXV
(cowpox virus) strains and revealed extensive ubiquitylation of structural core

proteins (Grossegesse et al., 2018).

Among the proteins encoded by VACV to exploit the ubiquitin-proteasome system,
three proteins have a BTB-Kelch structure including A55, C2 and F3. Proteins
containing BTB and Kelch domains function as adapters for the Cul3-based
ubiquitylation system. In theory, a BTB-Kelch protein interacts with Cul3 via its BTB
domain and substrates via its Kelch domain, leading to the ubiquitylation,

modification or degradation of substrates.
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1.3 BTB-Kelch proteins

The BTB and Kelch domains have distinct structures and binding partners, and they
are brought together in the BTB-Kelch proteins. Therefore, the BTB and Kelch
domains are described separately before discussing proteins containing both

domains.

1.3.1 Kelch proteins

Kelch proteins (Kelch-like proteins) are a superfamily of proteins that contain multiple
Kelch motifs. Kelch proteins are arranged in five subgroups based on their molecular
architecture and one of those is the subgroup of BTB-Kelch proteins that contain an
N-terminal BTB/POZ domain (for Broad-Complex, Tramtrack and Bric-a-brac; also
known as a Poxvirus and Zinc-finger domain) and four to six Kelch motifs located

within the C-terminal region (Adams et al., 2000).

The name Kelch derives from a mutation in Drosophila egg chambers that causes
the malformation of the egg shell, and, in some most extreme cases, the anterior of
the egg shell is open, forming a cup shape. Therefore, the mutated gene was named
Kelch, German for goblet (Schupbach and Wieschaus, 1991; Xue and Cooley, 1993).
First identified in 1993 as a repeated element in the sequence of
the Drosophila Kelch ORF1 protein, the Kelch motif is ancient and has been widely
dispersed during evolution (Bork and Doolittle, 1994; Xue and Cooley, 1993). The
Kelch motif is a segment of 44-56 amino acids with low overall sequence identity
between individual Kelch motifs, but all Kelch motifs contain eight key conserved
residues, including four hydrophobic residues followed by a double glycine element,
separated from two characteristically-spaced aromatic residues tyrosine and

tryptophan (Adams et al., 2000) (Figure 3.2).
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The crystal structure of the Kelch motif in fungal galactose oxidase was solved and
showed how the set of seven Kelch motifs collectively form a B-propeller (Ito et al.,
1994). Each Kelch motif represents one [(3-sheet blade, and several (4-7) of these

repeats can associate to form a beta-propeller (Figure 1.3A).

So far five subgroups of the Kelch superfamily have been defined according to the
position of the Kelch B-propeller and the presence of other protein domains within
the primary sequences, as summarised by Adams and colleagues (Adams et al.,
2000). The five groups are termed: N-dimer C-propeller proteins, C-propeller
proteins, N-propeller C-dimer proteins, N-propeller proteins, and propeller proteins.
Among these five subgroups of the Kelch proteins, the N-dimer C-propeller proteins
contain an N-terminal BTB/POZ domain and four to six Kelch motifs located within

the C-terminal region (Adams et al., 2000), which will be the focus of this review.

1.3.2 BTB proteins

The BTB/POZ domain is found at the N terminus of zinc-finger transcription factors,
and in some actin-associated proteins bearing the Kelch motif (Ahmad et al., 1998).
This domain was found in proteins encoded by Drosophila genes Broad-Complex,
Tramtrack and Bric-a-brac, thus it was named a BTB domain (Zollman et al., 1994)
or POZ domain because it is also found in several poxvirus zinc finger proteins
(Bardwell and Treisman, 1994). When contained in a subgroup of Kelch proteins, the
N-terminal BTB domain, which seems also conserved in evolution, makes additional
protein-protein contacts to Kelch proteins (Adams et al., 2000). The BTB/POZ
domain of Drosophila Kelch plus a 147-residue intervening region (IVR) mediate
Kelch dimerisation, which is essential for the normal function of Kelch proteins (Xue

and Cooley, 1993).
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The core structure of the BTB domain consists of five a-helices with A1/2 and A4/5
forming a-helical hairpins, and three B-strands (B1/B2/B3) forming a B-sheet. The
B1/B2/A1/A2/B3 region is connected to the A4/A5 region by helix A3 and a variable
linker region (Ahmad et al., 1998; Chaharbakhshi and Jemc, 2016b; Li et al., 1999)

(Figure 1.3B).

A B

Figure 1.3. Crystal structure of BTB and Kelch domain. (A) En-face view of Kelch
domain of galactose oxidase from Hypomyces rosellus, taken from review by
(Adams et al., 2000). (B) Ribbon diagram of BTB domain taken from review by
(Chaharbakhshi and Jemc, 2016a)

1.3.3 Functions of Kelch and BTB proteins

Kelch proteins display considerably structural diversity thus it is not surprising that
they participate in many biological events. By interacting with different binding
partners, Kelch proteins are involved in actin association, cell morphology,

cytoskeleton organisation and gene expression (Adams et al., 2000).

1.3.3.1 Actin association

Originally, the Kelch protein was shown to localise to ring canals, an actin-rich
intercellular bridge connecting the developing oocyte and nurse cells in Drosophila
females (Xue and Cooley, 1993). Since then several Kelch proteins have been
shown to interact with actins (Adams et al., 2000). For example, human Kelch

protein Mayven, predominantly expressed in the brain, was demonstrated to
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associate with actin, and this association was enhanced during KCI-mediated
depolarisation of primary hippocampal neurons, suggesting its role in the dynamics

of cytoskeletal processes in neurons (Soltysik-Espanola et al., 1999).

1.3.3.2 Cell morphology and cytoskeleton organisation

Other than directly binding to or co-localising with actins, some Kelch proteins affect
the organisation of the cytoskeleton, plasma membrane or organelle structure
indirectly (Adams et al., 2000). Saccharomyces cerevisiae protein Kel1p, a Kelch
protein containing six Kelch repeats, exhibited a function in cell fusion and
morphology change in yeast, which is driven by actin organisation, yet no obvious
evidence shows Kel1p interacts directly with actin or the microtubule cytoskeleton

(Philips and Herskowitz, 1998).

1.3.3.3 Gene expression

Several mammalian Kelch proteins play a role in gene expression. An often
mentioned example is Keap1, a human Kelch protein that inhibits the transcriptional
activity of Nrf2 (NF-E2 related factor 2) by binding to its evolutionarily conserved
amino-terminal regulatory domain and thereby retaining Nrf2 in the cytoplasm. When
the electrophilic agent diethylmaleate (DEM) was added, Nrf2 was released from
Keap1 and translocated to nucleus. This resulted in the induction of expression of
phase Il detoxifying enzymes and antioxidative stress genes in response to
electrophiles and reactive oxygen species, suggesting the role of Keap1 and Nrf2 as

cellular sensors for oxidative stress (ltoh et al., 1999).

1.3.3.4 Immune modulation
A family of Kelch-like proteins, KLHL, are involved in several cellular and molecular

processes such as inflammatory responses, oxidative stress responses, cytokinesis,
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embryonic development and lymphogenesis (Mei et al., 2016). The protein
mentioned before, Keap1 (also known as KLHL19), interacts with IKKB, thereby
promoting IKKB degradation and so inhibits the phosphorylation of IKKf in response
to extracellular stimuli (Kim et al., 2010; Lee et al., 2009). Another example, KLHL21,
also negatively regulates IKK(, hence inhibiting NF-kB signalling. In this paper (Mei
et al., 2016), KLHL21 inhibits the activation of IKKB and the degradation of IkBa,
probably by interacting with the kinase domain of IKKB via its Kelch domains.
Interestingly, this inhibitory function of KLHL21 is independent of its E3 ubiquitin

ligase activity (Mei et al., 2016).

The BTB/POZ domain facilitates protein homo- and heterodimerisation, as well as
oligomerisation (Bardwell and Treisman, 1994; Bonchuk et al., 2011). BTB proteins
have been identified in poxviruses and many eukaryotes, and have diverse functions,
ranging from transcriptional regulation and chromatin remodelling to protein

degradation and cytoskeletal regulation.

1.3.3.5 BTB-Kelch proteins interact with Cullin 3

The available data suggest that various BTB-Kelch proteins interact with cullin 3
(Cul3) rather than with the other cullins, and therefore can function as substrate-
specific adaptors for the Cul3 ubiquitin—ligase complex and regulate modification

and/or degradation of various proteins (Pintard et al., 2004b).

The SCF (Skp1-Cul1-F-box) and ECS (ElonginC—Cul2-SOCS box) complexes are
very well-characterised cullin-based ligases (Pintard et al., 2004b). The BTB domain
fold shows structural similarity with Skp1 and ElonginC, which led to the hypothesis
that BTB proteins might interact directly with cullins (Schulman et al., 2000). This

prediction was confirmed and several BTB domains have been shown to only
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interact with Cul3 and not with other cullins (Pintard et al., 2004b). For example,
human BTB-Kelch proteins KLHL13 and KLHL9 were shown to bind to Cul3 in vitro,
but not to human Cul1, Cul2, Cul4A or Cul5, indicating their selective interaction

(Furukawa et al., 2003).

Apart from mimiviruses, poxviruses are the only viruses that encode BTB-Kelch
proteins (Shchelkunov, 2010). As summarised by (Shchelkunov, 2010) in Table 1.1,
various orthopoxviral BTB-Kelch proteins have been shown to associate with Cul3
(Shchelkunov, 2010). For example, ECTV (strain Moscow) proteins EVM150 and
EVM167 are involved in formation of active Cul3-containing ubiquitin ligases (Wilton
et al., 2008b). Two other proteins, EVM18 and EVMZ27, also associate with Cul3
(Zhang et al., 2009). It is worth mentioning that these BTB-Kelch proteins are not
obligatory subunits of Cul3-containing E3 ligases but can be components of protein
complexes that determine modifications of cell morphology, modulation of the

cytoskeleton and elongation of pseudopodia (Adams et al., 2000; Gray et al., 2009).

VAR-IND VAR-GAR ECT-MOS CPV-GRI VAC-WR VAC-MVA

ORF Size | ORF | Size | ORF | Size | ORF | Size | ORF |Size | ORF | Size,
,aa ,aa ,aa ,aa ,aa aa

- - - - - - D11L | 621 |- - - -
D13L | 201 |B19L | 154 |018 512 | C18L | 512 |[C2L |512 |- -
D13.5L | 79 B20L |65 - -

C7L 179 | E3L 179 | 027 482 | G3L 485 |F3L 480 | 31L 476
J7R 71 K7R |71 150 563 | AS7R | 564 | A55R | 564 |- -
JBR 172 | K8R |70

- - - - - - B9R | 5601 |- - 178R | 158
B22R |70 D11R | 70 - - B19R | 857 |- - - -
B23R |83 D12R | 127 |- -

B24R | 88 D13R | 88 - -
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Table 1.1. Orthopoxviral BTB-Kelch proteins. ORFs that are full length are shown
in italics whereas gene fragments are not. The ORFs for the proteins with
experimentally confirmed interaction with the cellular Cul3-containing CRL complex
are indicated by bold letters in red. Table is modified from (Shchelkunov, 2010).

1.4 VACV BTB-Kelch proteins

VACYV strain Western Reserve (WR) contains three genes, A55R, C2L and F3L that
encode BTB-Kelch proteins A55, C2 and F3 respectively (Figure 3.1). In addition to
the features described above these proteins also contain a BACK domain, which is a
highly conserved sequence of ~130 residues between the BTB and Kelch domains,
and may structurally interact with the BTB domain (Stogios and Privé, 2004). VACV

WR also encodes a BTB-only protein, C5 (Barry et al., 2010).

VACV BBK (BTB/Back-Kelch) proteins are expressed early during infection (Yang et
al., 2010b). They are intracellular proteins with protein sizes of 64 kDa (A55) (Beard
et al., 2006), 56 kDa (C2) (Pires de Miranda et al., 2003) and 56 kDa (F3) which
might be cleaved into 27 and 25 kDa fragments (Froggatt et al., 2007). None of
these three BBK proteins are essential for viral replication. VACV strains lacking
Ab5R, C2L or F3L show unaltered growth rates in vivo. Deleting A55R or C2L cause
different plaque morphology and cytopathic effect, and reduce Ca?* -independent
cell-extracellular matrix adhesion (Beard et al., 2006; Pires de Miranda et al., 2003).
Deleting F3L does not obviously affect plaque morphology compared to A55 or C2
(Froggatt et al., 2007). VACV lacking C2L also affects VACV-induced cellular
projections but not actin tail formation or cell motility (Pires de Miranda et al., 2003).
In an intradermal murine model, viruses lacking BBKs show altered virulence.
Viruses lacking A55 or C2 result in larger lesion size (Beard et al., 2006; Pires de
Miranda et al., 2003), whilst virus lacking F3 gives smaller lesion size (Froggatt et al.,

2007). Lesions infected by vAC2 show an increase in the total number of immune
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cells infiltrated, including neutrophils, CD8+ T cells, macrophages and DCs. vAA55
also increase CD8+ T cells and macrophage numbers in lesions (Pallett et al., 2019).
In contrast, VAF3 increases the number of NK cells and TCR yd cells (Froggatt et al.,
2007). All three BBKs do not contribute to virus virulence in the intranasal mouse

model of infection.

Ab5R, C2L and F3L are conserved in several members of the orthopoxvirus (OPXV)
genus (> 90 % amino acid identity) (Table 3.2) therefore functions of their
orthologues in other OPXVs may provide helpful insights to study VACV BBKs. The
ECTV orthologue of A55, ECTV EVM150, inhibits NF-kB signalling (Wang et al.,
2014) and associates with Cul3 (Wilton et al., 2008a). Ectopically expressed ECTV
EVMO018 (the orthologue of VACV C2) or EVMO027 (the orthologue of VACV F3) did
not coimmunoprecipitate Cul3 (Wilton et al., 2008a), however it was reported that
both EVMO018 and EVMO027 associate with Cul3 during infection (Couturier, 2009a).
Deletion of individual genes encoding EVM018 or EVMO027 radically decreases the
ECTV virulence for white mice, while the damage of EVM150 gene has no effect on
the virulence (Kochneva et al., 2009a). Deletion of four CPXV BTB-Kelch genes led
to a decrease in the cytopathic effect on cell culture and statistically significant
reduction in formation of the virus-induced cytoplasmic pseudopodia (Kochneva et

al., 2005; Kochneva et al., 2009b).

Recently A55 was shown to inhibit NF-kB activation by competitively associating with
importin protein KPNA2 and so blocking p65 translocation into the nucleus (part of
the data was obtained by the author of this thesis hence are included later in the
result chapters) (Pallett et al., 2019). Since A55 is a BTB protein, the interaction
between A55 and Cul3 was investigated and confirmed. A55 binds Cul3 directly with

a higher affinity than cellular BTB proteins. A55-BTB/Back (A55-B) domain and Cul3
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N-terminal (Cul3-N) domain form a 2:2 complex. A55 residue lle-48 is important for
the affinity of A55-B for Cul3-N, and this residue is absent in C2 and F3 (Gao et al.,

2019).

In summary, BTB-Kelch proteins are well-conserved and widely spread proteins
during evolution. To date, of the 3 VACV BTB-Kelch proteins, only A55 has been
shown to interact with Cul3 and the substrates of C2 or F3 have not been identified.
A better understanding of the features and biological roles of these proteins would
help to draw a more complete picture of the interaction between viruses and the host,

and would provide more insights into cellular biology and immunology.

1.5 Project aims
This thesis was to investigate the functions of VACV BBK proteins C2, A55 and F3.

Specific aims were to:

e Investigate whether A55, C2 and F3 regulate the innate immune response,
and if so which signalling pathways are affected and how;

e study how A55 and C2 induce morphological changes of VACV-infected cells;

e examine if these BTB-Kelch proteins interact with cullin 3 and study the
functional consequences of such interaction;

e exploit data from a quantitative temporal viromic study to investigate how A55
and C2 contribute to the degradation of specific cellular proteins and what is
the consequence of this degradation;

e examine whether these VACV BTB-Kelch proteins interact with each other.
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2 Material and Methods

2.1 Bioinformatic analysis

Protein sequence alignments were performed using Clustal Omega program to view
their characteristics alongside each other (Sievers et al., 2011). The Basic Local
Alignment Search Tool (BLAST) was used to find regions of local similarity between
sequences and species. Information resource of genes and expression was obtained

from NCBI Gene.

2.2 Cell culture

2.2.1 Maintenance of cells

HEK-293T (human embryonic kidney epithelial cell line), HeLa (human cervical
cancer cell line), BSC-1 (African green monkey fibroblast cell line), CV-1 (African
green monkey fibroblast cells), HFF (human foreskin fibroblasts), Hap (human male
chronic myelogenous leukaemia cell line), RK-13 (rabbit kidney epithelial cell line)
cells were cultured in Dulbecco’s modified Eagle medium (DMEM) (Invitrogen)
supplemented with 50 pg/ml penicillin/streptomycin (P/S) (PAA laboratories), 1%
non-essential amino acids (NEAA, Gibco) and filtered 10% (v/v) foetal bovine serum
(FBS) (Pan Biotech). Cells were cultured in an incubator at 37 °C with 5% CO.. The
Hap Cdc42 knockout cell line was a kind gift by Dr. Anthony Davidson from the

Koronakis group.

When performing experiments requiring optimal cell attachment such as infection,
transfection or immunofluorescence (IF) with semi-adherent HEK-293T cells,
plates/dishes were coated with poly-D-Lysine (Sigma) at 0.01 mg/ml for at least 1 h

and washed with 1x PBS for 3 times before seeding the cells.
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2.2.2 Transfection of cells

All transfections were performed using Trans-IT LT1 reagent (Mirus) unless
otherwise stated. Cells were seeded 24 h prior to transfection into 10 cm dishes
(Falcon), 6-well plates (Nunc™ Thermo Scientific) or 96-well paltes (Nunc™ Thermo
Scientific), and were transfected when cells reached 70-80% confluence.
Transfection mixtures were prepared by gently mixing DNA at desired mass with
Opti-MEM (Gibco) (50 pl for 1 uyg DNA) and with LT1 (2 pl for 1 uyg DNA). Mixtures
were incubated at room temperature for 20 min and then topped with DMEM
containing 2% (v/v) FBS and supplements before added to the cells. Plasmids used

in this study are listed in Table 2.1.

Construct Insert Vector Ref. /source

nTAP-A55 * TAP- codon pcDNA4/TO Smith lab
optimised (co) A55

nV5-A55 V5- co A55 pcDNA3 Smith lab

nTAP-I48E TAP- co A55 with pcDNA4/TO Constructed by R.Y.
I48E mutation Zhang (Smith lab)

nTAP-C2 TAP-co C2 pcDNA4/TO Smith lab

nV5-C2 V5-co C2 pcDNA3 Smith lab

nV5-GFP V5-GFP pcDNA3 Smith lab

nTAP-F3 TAP- co F3 pcDNA4/TO Smith lab

nTAP-C2-BTB TAP- co C2 BTB pcDNA4/TO Smith lab
domain

nTAP-C2-Kelch TAP- co C2 Kelch pcDNA4/TO Smith lab
domain

cTAP-B14 Co B14-TAP pcDNA4/TO Smith lab

Flag-KLHL12 Flag-Kelch like pcDNA3 Smith lab
protein 12

Flag-TRAF6 Flag-TRAF6 M5P Smith lab

Flag-TRAF2 Flag-TRAF2 M5P Smith lab

TAK1 HA-TAK1 pcDNA3 Smith lab

TAB1 HA-TAB1 pcDNA3 Smith lab
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pLuc-NF-kB NF-kB promoter A gift from R.
fused to a firefly Hofmeister
luciferase gene (University of

Regensburg)
pRL-SV40P Renilla SV40 pRL-TK A gift from Ron
promoter (no Prywes (Addgene
enhancer) reporter plasmid # 27163)
gene

pCMV-PACK Packaging plasmid Smith lab
for lentivirus
production with HIV
Gag, Pol, Rev and
Tat under the CMV
promoter; Amp-R

pCMV-ENV VSV-G pseudotyped Smith lab
envelop protein
under the CMV
promoter for
lentivirus production;

Amp-R

pLDT-TetR Tetracycline pLKO puro Smith lab
promoter repressor

pLDT-nTAP-A55 TAP- co A55 pLKO puro Constructed by R.Y.

Zhang (smith lab)
pLDT-nTAP-C2 TAP-co C2 pLKO puro Same as above
pLDT-nTAP-C2-BTB | TAP- co C2-BTB pLKO puro Same as above
pLDT-nTAP-C2- TAP- co C2-Kelch pLKO puro Same as above

Kelch

pLDT-nTAP-B14 TAP-co B14 pLKO puro Same as above

pLDT-nTAP-C6 TAP- co C6 pLKO puro Same as above

pCW57-nTAP-A55 TAP- co A55 pCW57-GFP-P2A- Smith lab
MCS
pCW57-nTAP-C2 TAP- co C2 pCW57-GFP-P2A- Smith lab
MCS
pEE-148E WT A55 containing pUC13-Ecogpt- Constructed by R.Y.

148E mutation to

EGFP

Zhang (Smith lab)
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construct

recombinant VACV-
148E
Myc-Scrib Myc-Scrib pCMV-Tag3B A gift from Professor
Andrew P. Rice (Liu
et al., 2010)
pCMV-Tag3B EV control for Myc- pCMV-Tag3B Strategene
Scrib
GFP-myc GFP-myc pCMV/myc/nuc A gift from Trevor
Archer lab (NIH)
(Chen and Archer,
2005)
Myc-Cdc42 Myc-Cdc42 pRK5 Smith lab
Myc-Cdc42%6' Myc- dominant pRK5 A gift from Gad
positive Cdc42 Frankel, Imperial
College London
(Bulgin et al., 2009)
Myc-Cdc42™™ Myc- dominant pRK5 Same as above
negative Cdc42
Myc-hASC Myc-hASC pcDNA3 Smith lab
pSpCas9(BB)-2A- Cas9 from S. PX459 A gift from Feng

Puro (PX459) V2.0

pyogenes with 2A-

Zhang (Addgene

Puro and cloning plasmid # 62988)
backbone for sgRNA
CAGA2-Luc CAGA box sequence | pGL3 luciferase A gift from Caroline
reporter Hill (Francis Crick
Institute UK)
(Dennler et al.,
1998b)
BRE-Luc BMP response pGL3 luciferase Same as above

element

reporter

Table 2.1. Plasmids used in this study. *TAP, short for tandem affinity purification,
contains two strep tags and one flag tag.
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2.2.3 Construction of inducible cell lines

The pLKO-based lentivirus vector plasmids or pCW57 plasmids were co-transfected
with envelope (pCMV-ENV) and the packaging (pCMV-PACK) plasmids into HEK-
293T cells for lentivirus production. The medium was collected and filtered 24 and 48
h after transfection, and added onto fresh monolayers of HEK-293T TetR (pLDT
TetR transduced HEK-293T) cells, which act under a tet-on controlled mechanism.
Two days later, cells were selected with puromycin at 2 pyg/ml (Invivogen) and the
expression of target proteins were induced by doxycycline at 2 ug/ml. Transduction

and expression were confirmed by immunoblotting of cell lysates.

2.3 Vaccinia virus work

2.3.1 Amplification and titration of VACV

To amplify viruses, RK-13 cells were seed in a T175 flask. When cells were
confluent they were infected cells with viruses at 0.1 p.f.u/cell for 48-72 h. Cells were
scraped from the flask and collected by centrifugation (500 x g, 10 min, 4°C). The
supernatant was removed and the pellet was re-suspended in 1 ml MEM. Cells were
then frozen-thawed 3 times to release viruses.

Virus titres were determined by plaque assay on monolayers of BSC-1 cells.
Sonicated and vortexed viruses were diluted in 2 % DMEM to make 10 to 108
dilutions and 400 pl of each dilution was incubated with cells for 90 min with regular
rocking of the plate. The virus-containing medium was aspirated and each well was
overlaid with 2.5 ml of semi-solid MEM/CMC (carboxy methyl cellulose) at 1:1. The
plates were incubated at 37 °C for 2-3 days. The overlay was aspirated and cells
were washed with Dulbecco’s phosphate buffered saline (PBS, Sigma-Aldrich) for 3-

4 times. Cells were stained with 2 ml/well crystal violet solution (5 % (v/v) crystal
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violet (Sigma-Aldrich), 25 % (v/v) ethanol) for 1 h at room temperature. Cells were
then washed with water and the number of plaques was counted.
Plaque size analysis was performed after staining the monolayers of cells. The

plaque areas were measured on a Zeiss Axiovert 200 M microscope using

Axiovision 4.6 software.

Virus name

Description

vC2

Wild type VACV WR, parental virus used

to construct vAC2

vAC?2

VACYV strain WR lacking the C2 ORF,
made by M. Miranda (Pires de Miranda
et al., 2003)

vA55

Wild type VACV WR, parental virus used
to construct vAASS

VAA55

VACYV strain WR lacking the A55 ORF,
made by P. Beard (Beard et al., 2006).

Also the parental virus used to construct
vI48E

VAF3

VACYV strain WR lacking the F3 ORF,
made by G. Froggatt (Froggatt et al.,
2007)

VAAC

VACYV strain WR lacking A55 and C2
ORFs, made by P. Beard

VAACF

VACYV strain WR lacking A55, C2 and F3
ORFs, made by P. Beard

vI48E

VACYV strain WR containing a point
mutation I48E in the A55 ORF, made by
Rui-Yao Zhang

Table 2.2. Viruses used in this study.
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2.3.2 Infection of cells

Cells were seeded in plates or dishes depending on the assays used. When cells
reached desired confluence a spare plate or a well in a dish was used to count the
cell number using the Countess automated cell counter (Invitrogen). Virus working
stocks were thawed at 37 °C and sonicated for 20 second at 120 w to release and
separate virus particles. The viruses were diluted in infection medium and added
onto the cells in the minimum volume to be covered. The primary infection was
incubated for 90 min with gentle rocking every 15 min, then the medium was
aspirated and fresh infection medium was added and were further incubated at 37 °C

until the desired time point.

2.3.3 Recombinant VACV construction

Recombinant viruses were generated using the transient-dominant selection (TDS)
method as described in (Falkner and Moss, 1988). These viruses could be selected
by growth in the presence of mycophenolic acid (MPA), xanthine (X) and
hypoxanthine (HX). MPA is an inhibitor of purine metabolism, which blocks the
replication of WT VACYV in normal cell lines but can be overcome by expression of
EcoGPT, in the presence of X and HPX. A single cross-over event results in the
integration of the full length plasmid into the genome. The presence of EGFP
allowed plaques formed by these intermediate viruses to be visualised and selected
with ease. Due to the instability of the resulting intermediate virus, a second
recombination event, between repeated right or left flanking sequences, occurred
when the drug selection was removed, resolving the virus and excising the inserted
plasmid yielding either the parental virus or the mutant virus. This instability is
consistent with the known high frequency of intramolecular recombination in VACV-

infected cells. TDS works well in VACV because of high rates of recombination and a
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large DNA capacity such that genomes incorporating the entire plasmid may be

packaged. It could work with other viruses that have these same properties.

In this study a VACV strain named VvI48E containing a point mutation I48E in the
A55R gene was constructed by inserting A55_148E into vAA55 using TDS (Figure
2.1). A pUC13-Ecogpt-EGFP plasmid containing A55 |48E (pEE_I48E) was
constructed. This plasmid contains A55R with [48E mutation and its left (L) and right
(R) flanking regions as well as the guanylphosphoribosyl transferase-gene from E.
coli (EcoGPT) fused to the gene for enhanced green fluorescent protein (EGFP),

driven by a VACV promoter.

15t recombination event:

vAAS55 WR genome

AS5_148E | % |
pUC13.EcoGPT-EGFP
EcoGPT EGFP
Intermediate virus

— 55 148E (R | EGFP EcoGPT — L [R |——

2" recombination event:

Intermediate virus

L e ) — S et TR}

Parental virus vAA55 / Recombinant virus vl48E\A

— R /a —/ “ AS5_148| _//_

Figure 2.1. Construction of vI48E mutant virus by transient dominant selection.
The first recombination event occurs in the infected and transfected cells between
regions of homology in the virus genome and the plasmid. An unstable intermediate
virus is generated with the mutated A55R gene (A55_l48E) with its left and right
flanking regions alongside EcoGPT and EGFP selection sites. Due to its unstable

47



nature of the intermediate virus a second recombination happens after removing the
selection pressure is removed, resulting in either the parental virus with the
incorporated plasmid removed or a mutant virus with the selection cassette and
duplicated flanking regions removed.

2.3.3.1 Infection/transfection

CV-1 cells were prepared in T25 flasks and infected with vAA55 at 0.1 p.f.u/cells
when 70% confluent. Cells were incubated with virus-containing medium at 37 °C for
90 min and rocked every 15 min. The medium was then aspirated and infected cells
were washed twice in serum- and antibiotic-free DMEM, before transfected with 10

ug pEE_I48E plasmid using LT1 reagent for 48 h.

2.3.3.2 Harvesting intermediate viruses

The majority of cells should be green if the infection/transfection has been successful.
CV-1 cells were scraped in their medium and pelleted by centrifugation at 500 g for
10 min. Supernatant was removed and cells were resuspended in 500 ul DMEM with
2.5% FBS, P/S and selection drugs (MPA 25 pug/ml, X 250 pg/ml and HX 250 ug/ml).
The virus containing medium was frozen and thawed three times (80 °C then 37 °C),
and sonicated for 20 seconds. Viruses were then diluted and added to wells of a 6-
well plate of confluent BSC-1 cells, which were pre-treated with selection drugs
overnight in advance. Infection was incubated for 90 min with occasional rocking
before the medium was aspirated. Cells were then overlaid with 2 ml 2-
Hydroxyethylagarose (low gelling temperature) /MEM mix (sterile 2% agarose and
50% 2x MEM) containing selection drugs. Agarose was allowed to set at room

temperature for 15 min before cells were incubated at 37 °C for 2 d.

After infection, green plaques were picked and transferred into 500 pl medium
containing selection drugs. Virus-containing medium was frozen and thawed 3 times

and sonicated for 20 seconds. Viruses were then diluted in medium containing
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selection drugs at 1:2, 1:20 and 1:200, and added to 6-well plates of confluent BSC-
1 cells pre-treated with selection drugs overnight. Infection was incubated, aspirated,
overlaid with agarose/MEM mix containing selection drugs and incubated as
described before. This plaque purification step of the intermediate viruses was

performed three times.

2.3.3.3 Screening plaques by PCR

HeLa cells were seeded in a 96-well plate and infected for 48 h with 100 pl medium
containing intermediate viruses after three times of plaque purification. Additional
wells of HelLa cells were infected with WT VACV and vAASS as controls. After
infection, the virus-containing medium was aspirated and cells were lysed in 50 pl
proteinase K buffer (PK, Sigma), and incubated at 56 °C for 15 min followed by
85 °C for 10 min in a thermocycler (Applied Biosystems). The lysates were then used
in a PCR to amplify A55R (primers vI48E LF and vI48E RF). Each PCR was carried
out in a total volume of 30 pl and contained 5 pl lysates, 6 pl 5x GoTaq Flexi buffer
(Promega), 0.32 yl dNTPs (25 mM), 1.2 ul MgCl> (25 mM), forward and reverse
primers (2 ul each) and 0.25 pyl GoTaq polymerase (Promega) using a thermocycler

(Table 2.3). PCR products were analysed by agarose gel electrophoresis.

Cycles Temperature (°C) Time
1 95 3 min
95 30 sec
30 60 30 sec
72 3 min
1 72 5 min

1 4 -
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Table 2.3. Cycling conditions of PCR to amplify A55R from VACYV infected cell
lysates.

2.3.3.4 Resolution

An intermediate virus containing A55R was selected for resolution to obtain the
desired mutant virus. This virus went through 3 rounds of plaque purification in the
absence of selection drugs. Non-green plaques were picked and screened by PCR
as above and sequenced to confirm the presence of 148E mutation. The positive
plaque was also screened by PCR to rule out intermediate virus contamination,
using a pair of EcCoGPT primers. Master, sub-master and working stocks of vI48E

were made and titrated as descried before, aliquoted and stored at -80 °C.

2.4 Molecular biology work

2.4.1 Polymerase chain reaction (PCR)

DNA of interest was amplified by PCR using suitable templates such as plasmids,
cell genome or VACV genome. PCR was performed using Platinum® Taq DNA
polymerase High Fidelity. The reactions were set up using the recommended
protocol (Table 2.4) and performed using a Veriti 96-well thermal cycler (Applied

Biosystems) (Table 2.5). Primers used in this study are detailed in Table 2.7.

Component Final concentration
Molecular biology grade water Up to 50 pl reaction
10x High Fidelity PCR Buffer 1x
50 mM MgSO4 2.0 mM
10 mM dNTP Mix 0.2 mM
10 uM forward primer 0.2 yM
10 uM reverse primer 0.2 uM
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Template DNA <500 ng

Platinum® Taq DNA Polymerase 1 U/rxn
High Fidelity (5 U/pL)
Table 2.4. PCR mixture setup.

Step Temperature (°C) Time

Initial denaturation 94 2 min
Denature 94 15 sec

~55 (depending on
30 PCR cycles Anneal 30 sec
primer Tm)
Extend 68 1 min/kb
Hold 4 o0

Table 2.5. PCR cycling conditions with Platinum® Tag DNA Polymerase High
Fidelity.

2.4.2 Real-time qPCR (RT-qPCR)

Cells were washed in ice-cold PBS, and mRNA was isolated with an RNeasy minikit
according to the manufacturer’s instructions (Qiagen). Samples were treated with
RQ1 DNase-l (Promega) at 37°C for 30 min, followed by 15 min at 72°C. Reverse
transcription-PCR was carried out according to the manufacturer's instructions
(Promega) with the following adaptations. RNasin (Promega) was added to the
reaction buffer at 2 to 4 U/ul. cDNAs of interested genes and control genes were
amplified with primer pairs by RT-qPCR using the 7300 real-time PCR system
(Applied Biosystems) under standard cycle conditions. A RT-gPCR mixture was 10
ul, including 5 pl FAST SYBR Green Mix (2x), 4.8 pul cDNA and 0.2 pl primer pair mix
(10 pmol/pl each primer, final of 200 nM). Cycle steps are shown in Table 2.6.

Changes in gene expression levels were analysed relative to the control levels (see
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figure legends for individual

experiments), with glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) or HPRT as a standard, using the AACr method.

Cycles Temperature (°C) Time
1 50 2 min
1 95 10 min
95 15 sec
40 60 30 sec
72 30 sec
1 72 10 min

1 4

Table 2.6. RT-gPCR cycles.
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restrication

™

name sequence description enzymes initial
RYZ6 CTAGCTAGC ATGTGGTCTCATCCTCAGTTTG nTAP Fwd Nhel 60.3
RYZ7 GCGGTCGAC TCACTGCAGGAACTGCTTCTC coC2L Rv Sall 61.3
RYZ10 GCGGTCGAC TTA GGTCACGGGCTTGGTGC coC2L BTB Rv Sall 59.6
RYZ8 GCGGTCGAC TTACTTGCCGTCCCAGATGTTC | coF3L Rv Sall 62.1
RYZ9 GCGGTCGAC TCAGCTTCCGATGAAGCTTTC coA55 Rv Sall 59.4
A55 Fw GAC GCGGCCGCG AACAACAGCAGCGAGC nTAP coA55 FL Fwd Notl 50
A55 Rv GAC TCTAGA TCA GCTTCCGATGAAGC nTAP coA55 FL Rv Xbal 52
co l48E Fw | GCGAGTACTTCAGCGAGCTGTTCAGCAACAAC | Overlap primer for QuickChange mutagenesis;

co 148E Rv GTTGTTGCTGAACAGCTCGCTGAAGTACTCGC | coA55 with I48E mutation

A55 I48E

non-codon | gataaaattattggaaaacagCTCggaaaaatattcggaggctcc | overlap including mutation in the middle reverse | 75.3
olrv

A55 I48E

non-codon | gagcctccgaatatttttccGAGctgttttccaataattttatcg overlap including mutation in the middle reverse | 75.3
ol fw

vI48E LF CCATTTCCTCCATGCAAACTATC A55 Left Flank Fwd 61.1
vI48E RF TTGGGCTCCTTATACCAAGCAC A55/Kelch/BTB right Flank Rev 62.1
IL-8 Fw AGAAACCACCGGAAGGAACCATCT

IL-8 Rv AGAGCTGCAGAAATCAGGAAGGCT

GAPDH Fw | ACC CAG AAG ACT GTG GAT GG

GAPDHRv | TTC TAG ACG GCA GGT CAG GT

sgRNA1 Fw | CACCG CTGGAGATCGCGGACTTCAG Scrib Exon 3

sgRNA1 Rv | AAAC CTGAAGTCCGCGATCTCCAG C Scrib Exon 3

sgRNA2 Fw | CACCG CCTGAATGATGTGTCTCTGC Scrib Exon 4

sgRNA2 Rv | AAAC GCAGAGACACATCATTCAGG C Scrib Exon 4

Rice Fw CACCGCAGACAAACCCTTGAACCA guide RNA control from Yongxu

Rice Rv

AAACTGGTTCAAGGGTTTGTCTGC
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Ex3 seq1 Fw | CCATGGCATCTGTCCACTGT To amplify part of Exon 3 to sequence sgRNA1

Ex3 seq1 Rv | TGGATGGGAGGAAGCAGAGG \

Ex3 seq2 Fw | CTGAGCGACAACGAGATCCA Ig;,{l“/ﬂ'fy a larger part of Exon 3 to sequence | 5q g4
Ex3 seq2 Rv | CATCATTCAGGGCCAGGTGA \ 59.74
Ex4 seq1 Fw | TCGGTAGGGGCTATGGGTC Ig;,{l“/fz"fy a part of Exon 4 o sequence

Ex4 seq1 Rv | AGGAAGGAAAGCAGTGGCAG \

Ex4 seq2 Fw | CTGCAAGGCTCTGGAGATCG To amplify a larger part of Exon 4 to sequence sgRNA2
Ex4 seq2 Rv | TTGGCGAGGCTGAAAGAGAG | |

Table 2.7. Oligonucleotide primers used in this study. Primers are all listed 5" to 3'.
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2.4.3 Agarose gel electrophoresis and DNA purification

DNA samples were analysed by agarose gel electrophoresis where samples were
separated by size. Agarose gel was prepared by dissolving 1% (w/v) agarose
(Invitrogen) in TAE buffer (40 mM Tris, 1 mM ethylenediaminetetraacetic acid (EDTA)
and 20 mM acetic acid) supplemented with 10,000 SYBR® Safe (Thermo Scientific).
Once set, DNA samples were carefully loaded and the gel was run at 100 v for 30
min to 1 h, and DNA was visualised by ultraviolet (UV) illumination using Gel Doc
XR+ imaging system (Bio-Rad) and Image Lab 5.2 software. When necessary DNA
bands of correct size were excised from agarose gels using a clean scalpel and DNA
was purified with the QIAquick Gel Extraction Kit (Qiagen) according to the
manufacturer’s protocol. DNA or RNA concentration was quantified with a NanoDrop
2000 spectrophotometre (Thermo Scientific). The purity of DNA was verified by

ensuring an optical density A260/280 ratio between 1.8 and 2.0.

2.4.4 Restriction enzyme digestion

Plasmids and insert DNA were cleaved at specific restriction sites using restriction
enzymes (New England BioLabs) at 37 °C for 1 h. Each digestion mixture consists of
1-1.5 ug DNA, appropriate digestion buffer, 1 pl restriction enzymes and H20O, of a
total volume of 20 pl. Digested products were purified by agarose gel electrophoresis
and gel extraction (section 2.4.3), or by the QIAquick PCR Purification Kit (Qiagen)

performed according to the manufacturer’s instructions.

2.4.5 DNA ligation
DNA ligation was performed using T4 DNA Ligase kit (New England BioLabs). The
vector to insert molar ratio was 1:3, and the mixture was 20 pl in total containing T4

DNA ligase buffer, vector DNA, insert DNA and T4 DNA ligase. The mixture was

55



prepared on ice and incubated at 37 °C for 1 h before transformed into competent

cells.

2.4.6 Bacterial transformation

Bacterial transformation was performed in sterile conditions (near a Bunsen light).
Competent cells were thawed on ice (10 pyl for purified plasmid, 50 pl for ligation
product), mixed with DNA (1 pl for purified plasmid, 5-10 ul for ligation product) and
incubated on ice for 30 min. Cells were then subjected to heat shock at 42 °C for 30
s, and left on ice to recover for 2 min before topped up with 500 ul pre-warmed broth.
The mixture was then incubated at 37 °C for 1 h and centrifuged at 500 g for 1 min,
and 450 pul supernatant was discarded. Cells were resuspended in the remaining
buffer, and spread onto a Lysogeny broth (LB) agar plate (LB medium with 15 g/l
agar, sterile) supplemented with appropriate selection drug. The plates were

incubated at 37 °C overnight.

2.4.7 Bacterial colony screening by PCR

GoTaqg Polymerase was used for bacterial colony PCRs. The reaction mixture and
cycle program were set up as detailed in Table 2.8 and Table 2.9. In the mixture,
instead of lysates, bacterial cells were picked up from marked colonies with a tip and
mixed well in ddH20 in each PCR tube first before PCR mixture was added into each

tube. PCR products were analysed by agarose gel electrophoresis (2.4.3).

Reagent Vol. (pl)
GoTaq Flexi Buffer 5
dNTP 1
MgCl 2
Primers 0.5 each
GoTaq Polymerase 0.25
ddH20 10.75

Table 2.8. PCR mixture for bacterial colony screening.

Cycles | Tmp (°C) | Time
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Stage 1 .
X1 94 5 min
94 15 sec
St)a(gg 2 55 30 sec
72 2.30 min
Stage 3 72 10 min
X1 4 0

Table 2.9. PCR cycle program for bacterial colony screening.

2.4.8 Preparation of plasmid DNA

Bacterial clones, for which the sequence of the plasmid DNA had been validated,
were amplified overnight at 37 °C in a 250 ml (Maxi) or 100 ml (Midi) culture
supplemented with appropriate selection antibiotics. High concentration stocks of the
correct plasmid were obtained using the HiSpeed® Plasmid Maxi/Midi kit (Qiagen)

according to the manufacturer’s manual.

249 Sequencing
All generated expression plasmids and PCR product from cell/viral genome were

sent for sequencing to Source BioScience for verification.

2.4.10 Site-directed mutagenesis

To introduce the I48E mutation into codon optimised pcDNA4-nTAP-A55 and pEE-
WT_AS5S5, site-directed mutagenesis using the QuikChange® Site-Directed
Mutagenesis Kit (Agilent Technologies) was performed. To do this, PCR primers
were designed that included the 148E mutation in the middle with ~10-15 bases of
correct sequence on both sides. Besides, according to the primer design guidelines
of the kit, primers were designed between 25 and 45 bases in length with a melting
temperature of 2 78 °C (Table 2.7). The reactions were set up as shown in Table
210, and the cycling parameters are shown in Table 2.11. After PCR the
amplification were checked by agarose gel electrophoresis and 1 pul of Dpn |

restriction enzyme (10 U/pl) was added to each amplification reaction. The reaction
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mixture was then gently and thoroughly mixed by pipetting up and down, spun down
for 1 min and immediately incubated at 37 °C for 1 h to digest the parental
supercoiled dsDNA before transformed in bacterial cells. Resultant bacterial clones

were analysed by DNA sequencing to identify those containing the plasmid with 148E

mutation.
Reagent Vol. / amount
10x reaction buffer 5 ul
dsDNA template 10 ng
Fw primer 125 ng
Rv primer 125 ng
dNTP mix 1l
QuikSolution 3l
ddH20 To a final volume of 50 pl
PfuTurbo DNA polymerase (2.5 U/ul) 1l

Table 2.10. QuikChange mutagenesis reaction mixture.

Cycles Tmp (°C) Time
Stage 1 .
X1 95 1 min
95 50 sec
St)a(?g 2 60 50 sec
68 1 min/kb of plasmid length
Stage 3 68 7 min
X1 4 ©

Table 2.11. Cycling parameters for the QuikChange mutagenesis.

2.5 Protein analysis

2.5.1 Cell lysates preparation
Cells were lysed in appropriate lysis buffers shown in Table 2.12 and collected as

whole cell lysates. A portion of the whole cell lysates were taken and centrifuged at
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14,000 g for 20 min (30 min for RIPA buffer) at 4 °C. The supernatant was collected

as cleared lysates. For infected cells, cells were lysed and kept on ice for 40 min,

and then the whole cell lysates and cleared lysates were collected as stated before.

One x Laemmli buffer or 2 x Laemmli buffer (for immunoprecipitation) was added to

each sample, then samples were stored at -20 °C. Lysis buffers and Laemmli buffer

used in this study are shown in Table 2.12.

Name

Recipe

Source

Normal IP buffer

150 mM NacCl

20 mM Tris-HCI, pH 7.4
10 mM CaCl2

0.1 % Triton-X100

10 % Glycerol

HEPES-based mild IP buffer

150 mM NacCl
0.5 % NP-40
10 mM HEPES pH 7.4

RIPA

150 mM NacCl

50 mM Tris HCI, pH 8.0

1 % NP-40

0.5 % sodium deoxycholate
0.1 % SDS

Smith lab

Laemmli buffer (4 x)

Tris 0.5 M pH 6.8, 250 mM, 5 ml
Glycerol, 40%, 4 ml

SDS, 6 %, 600 mg
Bromophenol blue 1 %, 200 pl
B-mercaptoethanol, 800 pl

Passive Lysis Buffer

N/A

Promega

Table 2.12. Lysis buffers and Laemmli buffer used in this study.

2.5.2 Polyacrylamide gel electrophoresis (PAGE) and immunoblotting

Samples were thawed at room temperature, heated at 100 °C, 60 °C or without

being heated at all, and then loaded on a 12 % or 8 % polyacrylamide gel for
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separation at 80-130 v for 120 min in 1 x Tris-glycine-SDS (TGS) buffer. After
electrophoresis, proteins were transferred to a PVDF membrane (GE healthcare) at
23 v for 1 h in the transfer buffer (Tris-glycine (TG)). The membrane was blocked in
1 x phosphate buffer saline (PBS) (Hutchison/MRC Research Centre)/0.1 % Tween
(PBST; Sigma-Aldrich) with 5 % (w/v) semi-skimmed milk (Marvel) for 30-60 min
before incubating with antibodies (primary antibody: overnight, 4 °C; secondary
antibody: 1 h, room temperature). Membranes were washed 3 times in TBST after
incubation with antibody. Immunoblotting was visualised by Odyssey infrared imager
(LI-COR Bioscience). Antibodies used for immunoblotting are shown in Table 2.13.

Recipes for buffers used are shown in Table 2.14.

Primary antibody Source Dilution
Mouse anti-FLAG Sigma-Aldrich (F1804) 1:1000
Rabbit anti-FLAG Sigma-Aldrich (F7425) 1:5000
Rabbit anti-actin Sigma-Aldrich (A2066) 1:1000
Mouse anti-a-tubulin Merck Millipore (05-829) 1:5000
Mouse anti-a-tubulin Santa Cruz 1:2500
Rabbit anti-C16 (Fahy et al., 2008) 1:1000
Mouse anti-D8 MAb 1.1 (Parkinson and Smith, 1994) | 1:1000

Eurogentech (Unterholzner et al.,

Rabbit anti-C6 2011a) 1:700

Rabbit anti-lkBa Cell Signalling Technology (9242L) 1:1000
Rabbit anti-IKK Cell Signalling Technology 1:1000
Rabbit anti-IKKa Cell Signalling Technology 1:1000
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Rabbit anti-NEMO

BD Biosciences

1:1000

Rabbit anti-B-TrCP Cell Signalling Technology 1:1000
Mouse anti-p65 Santa Cruz sc8008 1:500
Mouse anti-RelB Cell Signalling Technology 1:1000
Rabbit anti-p50/p105 Abcam 32360 1:1000
Rabbit anti-FRMD6 Cell Signalling Technology (D8X3R) 1:1000
Rabbit anti-Phospho-YAP

(Ser397) Cell Signalling Technology (D1E7Y) 1:1000
Rabbit anti-Phospho-YAP

(Ser127) Cell Signalling Technology (DO9W?2I) 1:1000
Mouse anti-Scrib (C-6) Santa Cruz sc-55543 1:1000
Mouse anti-Scrib (D-2) Santa Cruz sc-374139 1:1000
Mouse anti-YAP (G-6) Santa Cruz sc-376830 1:1000
Mouse anti-GST (B-14) Santa Cruz sc-138 1:1000
Rabbit anti-Cdc42 Cell Signalling Technology (2462) 1:1000
Rabbit anti-Cullin3 Abcam ab75851 1:1000
Mouse anti-KPNA1 Santa Cruz sc-101292 1:1000
Rabbit anti-KPNA2 Abcam ab70160 1:2000
Mouse anti-Smad2/3 Santa Cruz sc-133098 1:1000
Rabbit anti-Phopho-Smad2

(Serd65/467) Cell Signalling Technology (3108) 1:1000
Rabbit anti-Phospho-Smad3

(Serd23/425) Abcam ab52903 1:1000
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Secondary antibody Source Dilution

IRDye 800 CW Goat anti-rabbit | LI-COR Biosciences 1:10000

IRDye 680 RD Goat anti-rabbit | LI-COR Biosciences 1:10000

IRDye 800 CW Goat anti-
mouse LI-COR Biosciences 1:10000

IRDye 680 RD Goat anti-mouse | LI-COR Biosciences 1:10000

IRDye 800 CW Donkey anti-

goat LI-COR Biosciences 1:10000
Donkey anti-mouse 488 ThermoFisher Scientific/A21202 1:1000
Anti-555 phalloidin ThermoFisher Scientific/A34055 1:200

Table 2.13. Antibodies used in this study.

Name Recipe Source

121.14 g/mol Tris-HCI

10x TGS (1L) .
112.60 g Glycine

121.14 g/mol Tris-HCI Smith lab
10xTG (1L) 112.60 g Glycine
10 g SDS

Table 2.14. Buffers used for immunoblotting.

2.5.3 Immunoprecipitation (IP)

Cleared lysates were prepared as described in 2.5.1 and 10% volume of the cleared
lysates was transferred to a screw cap tube supplemented with 4x protein sample
loading buffer (Laemmli buffer) as the INPUT sample stored at -20 °C. The
remaining cleared lysates were incubated with IP beads at 4 °C overnight on a
rotator. To prepare the IP beads, Protein G Sepharose® Fast Flow beads (GE
Healthcare), commercial anti-FLAG M2 agarose beads (Sigma-Aldrich) or GST-PBD

beads (a kind gift from Dr Anthony Davidson, University of Cambridge) were washed
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once in H>O and twice in IP buffer prior to addition to lysates. When using G
sepharose beads, beads were washed and incubated with appropriate antibody
(1:200 dilution) at 4 °C overnight on a rotator before IP experiments. Beads were
washed three times by repeatedly centrifuging at 4000 x g for 1 min at 4 °C
(Eppendorf 5424R) and resuspending in 1 ml IP buffer. Finally all supernatant was
removed and 30 ul 4x protein sample buffer was added to the beads. Samples were

stored at -20 °C and analysed by immunoblotting.

2.5.4 Immunofluorescence (IF)

Cells were seeded on coverslips in 6-well plates and transfected as described before.
Cells were washed 3 times in ice-cold PBS and incubated in 4 % PFA
(paraformaldehyde, Sigma-Aldrich) for 45 min at room temperature. Then the PFA
was removed and cells were washed again and used for staining, or stored in PBS at
4°C. Cells were quenched in 50 mM NH4Cl for 10 min, washed quickly with PBS
once and then permeabilised with 0.2 % Triton X-100/PBS for 5 min. Then coverslips
were washed in PBS 3 times and blocked in 5 % FBS/PBS (Blocking buffer) for 30
min at room temperature. Primary antibodies were diluted in blocking buffer and
coverslips were incubated in the dark for 30-60 min. Coverslips were then washed 3
times with blocking buffer and incubated with secondary antibodies diluted in
blocking buffer (5% donkey serum was added when using a donkey secondary
antibody). After incubation with antibodies and washing 2 times in blocking buffer, 1
time in PBS, and 1 time in ddH20, coverslips were mounted on SuperFrost slides
(VWR) with Mowiol + DAPI and dried in the dark and stored in the dark at 4 °C.

Images were taken using a Zeiss confocal microscope.
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2.5.5 Enzyme-linked immunosorbent assay (ELISA)

HEK-293Ts were starved for 3 h in DMEM without supplements before being
stimulated for 18 h with 20 ng/ml TNF-a. IL-8 levels in cell supernatants were
measured using an IL-8 DuoSet ELISA kit (R&D Systems) in accordance with the
manufacturer’s protocol and a FLUOstar Omega plate reader (BMG Labtech).

Experiments were carried out in triplicate and measured with technical repeats.

2.6 Luciferase reporter gene assays

Cells were seeded in 96-well plates and transfected when they had reached 70-80%
confluence. All conditions were transfected with equal amounts of total plasmid DNA
by supplementation with EV. After stimulation or infection, cells were lysed in passive
lysis buffer (Promega) and frozen overnight to get better lysis. Then 15 pl cell lysates
were used for luminescence measurements with 50 pl firefly luciferase substrate
(Smith lab, 20 mM Tricine, 0.1 mM EDTA, 2.67 mM MgS04.7H20, 33.3 mM DTT,
530 uM ATP, 5 mM NaOH, 270 uM acetyl coenzyme A, 132 pg/ml Luciferin, and
0.26 mM (MgCO3)4Mg(OH)2.5H20) or 2 ug/ml renilla luciferase substrate (Prolume
Ltd.) using a FLUOstar luminometer (BMG Labtech). The firefly luciferase activity
was normalised to the renilla luciferase activity first, then the data were normalised to
non-stimulated either EV group or the same plasmid group, or mock groups to

calculate fold inductions.

2.7 Statistical analysis

All experiments were carried out in triplicate or quadruplicate and are representative
or an average of at least three independent experiments unless otherwise stated.
Data are the means = standard deviations (SD). All assays were analysed by

unpaired t test with GraphPad Prism, version 6, software.
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RESULTS
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3 Results 1 — A55, C2 and F3 are inhibitors of NF-kB signalling

pathway

Vaccinia virus (VACV) strain Western Reserve (WR) contains three genes, A55R,
C2L and F3L that encode BTB-Kelch proteins called A55, C2 and F3, respectively.
The ORFs encoding these BTB-Kelch proteins are located near the ends of the
VACV genome, which contain many non-essential proteins such as host range
proteins and immunomodulators (Figure 3.1). Although the sequences of the 3
VACV BTB-Kelch proteins are rather distantly related to cellular BTB-Kelch proteins
and to each other, and the degree of identity is similar across different domains
(Table 3.1), the sequence alignment of VACV WR A55, C2, F3 and a cellular BTB-
Kelch protein Keap1 shows key conserved residues of BTB-Kelch proteins (Figure
3.2). All three VACV WR BTB-Kelch proteins contain a BTB domain, a BACK domain
(a highly conserved sequence of ~130 residues between the BTB and Kelch
domains, and that may interact with the BTB domain), and a Kelch domain. The
Kelch domain is formed by 6 Kelch motifs characterised by eight key conserved
residues, including four hydrophobic residues followed by a double glycine element,
separated from two characteristically-spaced aromatic residues tyrosine and
tryptophan (Adams et al., 2000; Stogios and Priveé, 2004). Thus, VACV-WR A55, C2

and F3 are all BTB/Back-Kelch proteins.
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The vaccinia virus BTB/BACK-Kelch family

Central conserved region
c2 || E3 Essential proteins for virus DNA and ASS
v v RNA synthesis and virion assembly
3 v ]
Variable Variable
termini —— | Non-essential | ——— termini

Virulence
Immune evasion

Figure 3.1. VACV WR encodes three BTB/Back-Kelch proteins. The ORFs
encoding these BTB-Kelch proteins are located near the ends of the VACV genome,
which contain many non-essential proteins such as host range proteins and

immunomodulators.

Keap1 | KLHL12 | F3 | C2
AS55 17 16 21| 20
C2 16 15 17
F3 14 17
KLHL12 | 32
Total identity of 5 proteins: 4%

Table 3.1. Percentage of amino acid identity between VACV WR and cellular
BBK proteins. Protein sequences of VACV WR BBK proteins A55, C2, F3 and two

cellular BBK protein KLHL12 and Keap1 were aligned using the Clustal Omega.

67



SP|P17371|C2_VACCW
SP|P24357|F3_VACCW
SP|P24768|A55 VACCW
SP[Q14145|KEAP1 HUMAN

SP|P17371|C2_VACCW
SP|P24357|F3_VACCW
SP|P24768|A55 VACCW
SP[Q14145|KEAP1 HUMAN

SP|P17371|C2_VACCW
SP|P24357|F3_VACCW
SP|P24768|A55 VACCW
SP[Q14145|KEAP1 HUMAN

SP|P17371|C2_VACCW
SP|P24357|F3_VACCW
SP|P24768|A55 VACCW
SP[Q14145|KEAP1 HUMAN

SP|P17371|C2_VACCW
SP|P24357|F3_VACCW
SP|P24768|A55 VACCW
SP[Q14145|KEAP1 HUMAN

SP|P17371|C2_VACCW
SP|P24357|F3_VACCW
SP|P24768|A55 VACCW
SP[Q14145|KEAP1 HUMAN

SP|P17371|C2_VACCW
SP|P24357|F3_VACCW
SP|P24768|A55 VACCW
SP[Q14145|KEAP1 HUMAN

SP|P17371|C2_VACCW
SP|P24357|F3_VACCW
SP|P24768|A55 VACCW
SP[Q14145|KEAP1 HUMAN

SP|P17371|C2_VACCW
SP|P24357|F3_VACCW
SP|P24768|A55 VACCW
SP[Q14145|KEAP1 HUMAN

SP|P17371|C2_VACCW
SP|P24357|F3_VACCW
SP|P24768|A55 VACCW
SP[Q14145|KEAP1 HUMAN

SP|P17371|C2_VACCW
SP|P24357|F3_VACCW
SP|P24768|A55 VACCW
SP[Q14145|KEAP1 HUMAN

SP|P17371|C2_VACCW
SP|P24357|F3_VACCW
SP|P24768|A55 VACCW
SP[Q14145|KEAP1 HUMAN

——————————————————————————————————————————————————————— MPIFV 5

——————————————————————————————————————————————————————— MNN-- 3

MQPDPRPSGAGACCRFLPLQSQCPEGAGDAVMYASTECKAEVTPSQHGNRTFSYTLED-H 59
BTB

———————————————— l\m—————GEI IQVNKETITASPYNEFKRIQDHHLK-— 37

NTVYCKNILALSMTKKFKTIIDAIG---—-~ GNITIVNSTILKKLSPYERTHLRQKYTKNK 59

SSELIAVINGFRNSGRFCDISIVIN-—--- DERINAHKLILSGASEYESILFSNNFIDSN 58

TKQAFGIMNELRLSQQLCDVTLQVKYQDAPAAQFMAHKVVLASSSPVFKAMETNGLREQG 119
. . . . . .. * .
-DEAIILNGINYHAFESLLDYIRWKKINITINNVEMILVAAIIIDVPPVVDLCVKTMIHN 96
DPVTWVCLDLDIHSLTSIVIYSYTGKVYIDSHNVVNLLRASILTSVEFIIYTCINFILRD 119
E-YEVNLSHLDYQSVNDLIDYIYGIPLSLTNDNVKYILSTADFLQIGSAITECENYILKN 117
-MEVVSIEGIHPKVMERLIEFAYTASISMGEKCVLHVMNGAVMYQIDSVVRACSDFLVQQ 178
.. . . . . * ...

P HEH N

FRKEYCVECYMMGIEYGLSNELCHTKNFIAKHFLELEDDIIDN] ---SMKLILESDE 176
LCSKNCIDFYIYADKYNNKKIESASFNTILONILRLIND--ENEKYHTEESMIKILSDDM 175
LDPS IGIANFAEQIGCVEIHQRAREY YMHFGEVAKQ--EE SHCQLVTLISRDD 236

INSTICIRMFNFSKRYGIKKIYNASMSE INNITAVTSD——PEI ISKDELTTILSHEN 154

VNVNH
LNVPD;

DVTAMILLKWTHKNPNDVDIINIL-——=--—=~~ HPKFMTNTMRNA-IS--LLG 201
DYVVDFVIKWY IKRRNKLGNLLLLIKNVIRSNYLSPRGINNV-——=--— KWILD 229
LNIKNEDFAPLILIKNLESTQQSCTVELL---RCLRISLLSPQVIKSLYSHQ-LVSSIYE 231
LNVRCESEVFHACINWVKYDCEQRRFYVQALLRAVRCHSLTPNFLQMOLOKCEILQSDS- 295
.k . * . .k . *

. . . . .. .. 1 .

L-TISKS—---TKPVT—=--—=—==——-—~ RN-GIKHNIVV--TKNSDYISTITHYSPRTE 240
CTKIFHCDKQPRKSY——=--—==-——=-~ KYPFIE---YP----MNMDQ-~~--—~~~ IID 260
CITFLNNIAFLDESFP—=---—==-——=-~ RYHSTELISIG--ISNSHDKISINCYNHKKN 276
————— RCKDYLVKIFEELTLHKPTQVMPCRAPKVGRLIYTAGGYFRQSLSYLEAYNPSDG 350

. : 2 :
YWTIVGN--TDRQFYNANVLHNCLYIIGGMINNRHVY-S---VSRVDLETKKWK-TVTNM 293
IFH--———————-— MCTSTHVGEVVYLIGGWMNNEIHN-N---ATIAVNYISNNWI-PIPPM 305
TWEMISS-RRYRCSFAVAVLDNIIYMMGGYDQSPYRSSK---VIAYNTCTNSWIYDIPEL 332
TWLRLADLQVPRSGLAGCVVGGLLYAVGGRNNSPDGNTDS SALDCYNPMTNQWS PCAPM 409

. . Dk Rk

: 3
SSLKSEVSTCVNDGKLYVIGGLEFSIS--TGVAEYLKHGTSKWIRLPNLITPRYSGASVE 351
NSPRLYASGIPANNKLYVVGGLPNP----- TSVERWFHGDAAWVNMPSLLKPRCNPAVAS 360

KYPRSNCGGLADDEYIYCIGGIRDQODSSLTSSIDKWKPSKPYWQOKYAKMREPKCDMGVAM 392
SVPRNRIGVGVIDGHIYAVGGSHGCIH--HNSVERYEPERDEWHLVAPMLTRRIGVGVAV 467

. . sk kK *

-t g H : P g

VNDDIYVMGGVYTTYEKYVVLNDVECF--TKNRWIKKSPMPRHHSIVYAVEYDGDIYVIT 4g9
INNVIYVMGGHSETDTT---TEYLLP---NHDQWQFGPSTYYPHYKSCALVFGRRLFLVG 414
LNGLIYVMGGIVKGDTC---TDALESL--SEDGWMKHQRLPIKMSNMSTIVHDGKIYISG 447

LNRLLYAVGGFDGTNRL----NSAECYYPERNEWRMITAMNTIRSGAGVCVLHNCIYAAG 523
-* -* -** . *

‘6
GITHETRN----- YLYKYTVKEDKWIELYMYFNHV--——=--— GKMFVCSCGDYILIIAD 456
R NAEFYCESSNTWTLIDDPIYPRDNPELI IVDNKLLLIGGFYRESYID 462
GYNNSSVVNVISNLVLSYNPIYDEWTKLSSLNIPRINPALWSAHNKLYVGGGISDDVRTN 507
GYDGQDQLN----SVERYDVETETWTFVAPMKHRRSALGITVHQGRI YVLGGYDGHTFLD 579

* P . . *

AKYEYYPKSNTWNLFDMSTRNIEYYDMFTKDET PKCNVTHKSLPSFLSNCEKQFLO---- 512
TIEVYNHHTYSWNTWDGK — = === === == = === = = — = — = m e oo 480
TSETYDKEKDCWTLDNGHVLPRNY I -MY -~~~ KCEPTKHKYPLEKTQYTNDFLKYLES 560
SVECYDPDTDTWSEVTRMTSGRSGVGVAV--—-— TMEPCRKQIDQQNCTC—--—=--—=--— 624
. * *

FIGS 564

Figure 3.2. CLUSTAL O (1.2.4) multiple sequence alignment. Protein sequences
of VACV WR (shown as VACCW) C2, F3, A55 and a well-characterised human BTB-
Kelch protein Keap1 were aligned using the Clustal Omega. Key residues identified
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by (Chaharbakhshi and Jemc, 2016a) for the BTB, BACK domain and Kelch motifs
are shaded in turquoise, green and yellow respectively. The typical Kelch motifs are
indicated by red arrows numbered from 1 to 6. All three BTB-Kelch proteins of VACV
WR contain a BTB domain, a BACK domain, and a Kelch domain formed by 6 Kelch
motifs, thus they can be called BTB/Back-Kelch proteins.

3.1 A55,C2 and F3 are conserved in the OPXV genus

VACV WR genes A55R, C2L and F3L are conserved in several members of the
orthopoxvirus (OPXV) genus. Where present each protein shares more than 90%
amino acid identity between different OPXVs. ORFs are broken in variola virus and
in the orthologues of A55 and C2 in monkeypox — ZAl (Table 3.2) (Shchelkunov et
al., 2002). For some of these broken ORFs, although parts of the BTB or Kelch
domain might remain, unless the ORF is located at the 5' end of the mRNA it cannot
be translated. It is also unclear whether different truncated proteins would be stable

due to possible abnormal folding.

Gene name &

orthologue % aa

Gene name &

orthologue % aa

Gene name &

orthologue % aa

3 Kelch motifs

domains broken

Virus
identity to identity to identity to
VACV-WR A55 VACV-WR C2 VACV-WR F3
VACV-WR A55R; 100 C2L; 100 F3L; 100
Variola virus-IND J7R-J8R; D13L-D13.5L; C7L;
ORF broken: no | ORF broken: both ORF broken:
BTB domain, only | BTB and Kelch broken BTB

domain, no Kelch

remain domain
Camelpox-CMS CMP172R; 94 CMP24L; 97 CMP38L; 96
Cowpox-Brighton CPXV193; 95 CPXV035; 98 CPXV050; 95
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Red

Cowpox-GRI-90 A57R; 99 C18L; 99 G3L; 96
Ectromelia- EVM150; 93 EVMO018; 97 EVMO027; 95
Moscow
Monkeypox-ZAl B1R; D16L-D19L; CoL; 97

ORF broken: no ORF broken,
BTB domain, only | remaining: half
1 Kelch motif BTB domain, half
remains BACK domain,
and 2 Kelch

motifs

Table 3.2. VACV WR BTB/Kelch proteins are conserved in some other OPXVs.
Amino acid sequences of A55, C2 and F3, and their orthologues from different
OPXVs, were aligned using Clustal Omega. A55, C2 and F3 are conserved in
several OPXVs with high sequence conservation (> 90% amino acid identity).

3.2 A55, C2 and F3 inhibit activation of the NF-kB signalling pathway

All three VACV BTB/BACK-Kelch (BBK) proteins A55, C2 and F3 were shown to
alter the recruitment of immune cells in a mouse intradermal model by unknown
mechanisms (Beard et al., 2006; Froggatt et al., 2007; Pires de Miranda et al., 2003),
and the ectromelia virus (ECTV) orthologue of A55 (ECTV EVM150) was reported to
target NF-kB (Wang et al., 2014). Hence, the effect of A55, C2 and F3 on innate
immune signalling pathways (NF-kB, IRF-3, JAK-STAT and AP-1) was investigated.
To determine whether A55, C2 and F3 regulate the activation of NF-kB signalling
pathway, HEK-293Ts were co-transfected with plasmids expressing TAP-tagged A55,
C2 or F3, along with plasmids expressing NF-kB-Luc (firefly luciferase under the

control of the NF- kB promoter) and SV40-Renilla (Renilla luciferase under control of
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the constitutive SV40 promoter (no enhancer) reporter gene for normalization of
luciferase experiments) (Chen and Prywes, 1999). Empty vector (EV) and a cellular
BBK protein KLHL12 tagged in the same way were included as negative controls,
and VACV protein B14 was included as a well characterised inhibitor of NF-kB
signalling (Chen et al., 2008). Cells were untreated or stimulated by addition of IL-1(3
(Figure 3.3A) or TNFa (Figure 3.3B) or transfection with plasmids expressing TRAF2
(Figure 3.3C) or TRAFG6 (Figure 3.3D) and the luciferase activity was measured in
cell lysates. Relative luminescence levels were calculated by normalizing firefly
luminescence to Renilla luminescence and are represented as relative to levels of
the nonstimulated EV condition. A55, C2 and F3 inhibited the NF-kB signalling
pathway in response to both IL-13 and TNFa (Figure 3.3A, B), indicating that each
protein either inhibits both pathways separately before they converge, or that each
protein inhibits at a position at or downstream of the positon at which these 2
pathways converge. Each VACYV protein also inhibited pathway activation induced by
TRAF2 or TRAF6 over-expression (Figure 3.3C, D). For A55, these results are
consistent with the prior observation that the closely related orthologue of AS55,

ECTV EVM150, inhibits NF-kB pathway activation (Wang et al., 2014).
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Figure 3.3. A55, C2 and F3 inhibit activation of the NF-kB signalling pathway.
HEK-293Ts were transfected with the NF-kB reporter, SV40-renilla luciferase and
plasmids for expression of proteins indicated. Cells were untreated or stimulated with
IL-1B or TNFa at 20 ng/ml (A-B) or TRAF2 at 40 ng (C) or TRAF6 at 10 ng (D) for 6 h
and luciferase activity was measured in cell lysates. Data shown (mean £ SD) are
representative of 3 experiments carried out in quadruplicate and were analysed by
an unpaired Student’s t-test (** P<0.01, *** P<0.001, **** P<0.0001) in comparison to
stimulated EV control.

To validate the inhibitory effect of A55, C2 and F3, alternative assays such as RT-
gPCR and ELISA ought to be carried out to measure the expression of an
endogenous NF-kB-responsive gene at the transcriptional and protein level.
Transient transfection could be used for reporter gene assays as plasmids formed a
complex before being delivered to cells and the reporter signal comes from cells
expressing target genes such as TAP-C2. However for assays like RT-qPCR and
ELISA, signals are measured from the cell population and inefficient transfection

would lead to misleading conclusions. Thus, stable cell lines inducibly expressing
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BBK proteins or other control proteins such as B14, were constructed using lentivirus
transduction system. A HEK-293T and a HelLa cell line transduced with the
tetracycline repressor (TetR) were available in the lab. These cell lines were
transduced with lentivirus vectors to generate cell lines inducibly expressing A55, C2,
C2-B, C2-K, F3, B14 and C6, all N-terminally TAP-tagged. Cells were also
transduced with an empty vector as a control. Transduced cells were selected with
puromycin. Data shown are representative immunoblots of target proteins with

tubulin as the loading control from the whole cell lysates of HEK-293T cell lines

(Figure 3.4).
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Figure 3.4. Inducible HEK-293T cell lines. Inducible cell lines were constructed as
described. After puromycin selection, cells were induced by doxycycline at 2 pg/ml
for 24 h. Whole cell lysates were harvested by lysing cells in 0.5 % NP-40/PBS and
analysed by SDS-PAGE followed by immunoblotting with specific rabbit anti-Flag
antibody. Molecular masses (in kDa) are indicated on the left.

HEK-293T cell lines were then used for RTQPCR and ELISA. Cells were stimulated
with TNFa, and the levels of /L-8 mMRNA and secreted IL-8 were measured. C6 is an
inhibitor of IRF3 (Unterholzner et al., 2011b) and JAK-STAT signalling downstream
of type | IFN (Stuart et al., 2016). As expected, B14 inhibited strongly. A55, C2 and

F3 each inhibited the transcription of /L-8 and the secretion of IL-8 (Figure 3.5).
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Figure 3.5. A55, C2 and F3 inhibit activation of the NF-kB signalling pathway at
transcriptional and protein levels. (A) HEK-293Ts cells were induced with 2 pg/ml
doxycycline to express C6, B14, A55, C2, C2-B, C2-K or F3 for 24 h and left
unstimulated or stimulated with 20 ng/ml TNF for 1.5 h. IL-8 transcription levels were
analysed by RT-gPCR relative to GAPDH, as the house keeping gene. (B) ELISA.
Cells were starved for 3 h in DMEM and left unstimulated or stimulated with TNF for
18 h. Levels of secreted IL-8 in the cell culture medium were assayed by ELISA.
Data shown (mean + SD) are representative of 3 experiments carried out in
quadruplicate and were analysed by an unpaired Student’s t-test (** P<0.01, ***
P<0.001, **** P<0.0001) in comparison to C6 control.

To determine which domain of the VACV BTB-Kelch proteins mediates the NF-kB
inhibitory activity, HEK-293Ts were co-transfected with plasmids expressing TAP-
tagged full length C2/F3 or the N-terminal BTB-BACK domains (C2/F3-B) or the C-
terminal Kelch domains (C2/F3-K), along with plasmids expressing NF-kB-Luc or
SV40-Renilla. EV and KLHL12 were included as negative controls, and B14 as the
positive control. Cells were untreated or stimulated by addition of IL-18 and the
luciferase activity was measured in cell lysates. Immunoblotting for the Flag tag
showed that these proteins were expressed at similar levels (Figure 3.6C-D).
Interestingly, both the BTB-BACK and Kelch domains of C2 showed independent
inhibitory activity, although this inhibition was stronger for C2-K (Figure 3.6A). These

observations were consistent with the RT-gPCR and ELISA data (Figure 3.5). In
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contrast, for F3 it is the Kelch domain that inhibits the pathway but not the BTB
domain (Figure 3.6B). This is similar to published data of A55, which also showed
AS55-Kelch but not A55-BTB inhibits the NF-kB signalling pathway (Pallett et al.,

2019).
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Figure 3.6. BTB and Kelch domains of C2 and F3 show different inhibition of
NF-kB. (A, B) HEK-293Ts were transfected with the NF-kB reporter, SV40-renilla
luciferase and plasmids for expression of the TAP-tagged proteins indicated. Cells
were untreated or stimulated with IL-1 at 20 ng/ml for 6 h and luciferase activity was
measured in cell lysates. Data shown (mean % SD) are representative of 3
experiments carried out in quadruplicate and were analysed by an unpaired
Student’s t-test (** P<0.01, *** P<0.001, **** P<0.0001) in comparison to stimulated
EV (A-B). (C, D) Immunoblotting. Protein expression of cells treated in (A, B);
molecular masses (in kDa) are indicated on the left.

3.3 A55, C2 and F3 inhibit NF-kB downstream of p65
To determine at what stage A55, C2 and F3 inhibit the NF-kB pathway, the pathway
was activated by overexpression of TAK1/TAB1, IKKB or p65. A55 was shown to
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inhibit the TAK1/TAB1 or IKKB-induced activation of NF-kB signalling (Pallett et al.,
2019). Only data from experiments performed by the author of this thesis will be
shown here. Like B14, C2 and F3 were able to inhibit the pathway when it was
activated by overexpression of TAK1/TAB1 or IKKB (Figure 3.7A, B). However,
unlike B14, A55, C2 and F3 also inhibited the p65-induced signalling in a dose-
dependent manner (Figure 3.7A-C). In contrast, the host BBK protein KLHL12 did
not inhibit NF-kB activation under any condition. Immunoblotting showed reasonably
consistent expression of the different proteins and equivalent loading was shown by
blotting for a-tubulin (lower panels) (Figure 3.7D-F). These data suggest A55, C2
and F3 interfere with NF-kB activation at or downstream of p65. Notably a reduced
level of TAK1 and TAB1 was observed when cells were overexpressing B14 or C2
(Figure 3.7D) as well as reduction in p65 expression in cells overexpressing F3

(Figure 3.7F).
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Figure 3.7. A55, C2 and F3 inhibit NF-kB at or downstream of p65. (A-C) HEK-
293Ts were transfected with the NF-kB reporter, SV40-renilla luciferase and
plasmids for expression of the TAP-tagged proteins indicated. Cells were untreated
or stimulated by co-transfecting TAK1/TAB1, IKKB or p65. Cells were lysed 24 h
after transfection and the luminescence was measured. Data shown (mean
+ SD) are representative of 3 experiments carried out in quadruplicate. Statistical
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analysis was performed by unpaired Student’st-test (** P<0.01, *** P<0.001,
**** P<0.0001) in comparison to stimulated EV control. (D-F) Immunoblotting. Protein
expression of cells treated in (A, B, C) except F3 in D and E; molecular masses (in
kDa) are indicated on the left.

3.4 A55,C2 or F3 does not prevent IkBa degradation

Upon activation of the NF-kB signalling pathway, the inhibitor of kB (IkBa) is
phosphorylated by activated IKKp, leading to its ubiquitylation and degradation by
the proteasome. This causes release of the NF-kB subunits pS50 and p65, their
translocation into the nucleus and induction of transcription of NF-kB-responsive
genes. Preliminary data from reporter gene assay indicated that A55, C2 and F3
inhibited NF-kB activation at or downstream of p65. To obtain independent evidence
for the stage in the pathway at which these proteins mediate their inhibition, the
activation of the pathway was examined by monitoring the level and phosphorylation
of IkBa. Transduced HEK-293T cell lines inducibly expressing B14/A55/C2/F3, as
well as EV as a negative control, were induced to express the viral protein by
addition of doxycycline (where indicated) and then either left untreated or stimulated
with TNF-a for 30 min. The level of expression of IkBa was examined by
immunoblotting. Upon stimulation, IkBa was degraded in the EV group compared to
the untreated EV cells, whereas it was stabilised by B14 that binds to IKKB and
inhibits IkBa phosphorylation (Chen et al., 2008). In comparison, A55, C2 or F3 did
not stabilise IkBa (Figure 3.8A). The levels of IkBa relative to an internal control p50
were quantified by densitometry from multiple experiments and no significant
difference in IkBa levels in the presence of A55, C2 or F3 compared to EV was found

(Figure 3.8B).
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Figure 3.8. A55, C2 or F3 do not prevent IkBa degradation. (A) Immunoblot for
IkBa levels following TNF-a stimulation of EV, B14 AS55, C2 or F3 HEK cell lines
induced with 2 pg/ml doxycycline for 24 h. The protein expression levels were
determined using anti-Flag. Molecular masses (in kDa) are indicated on the left. (B)
Levels of IkBa relative to p50 as quantified by densitometry. Data shown (mean + SD)
are the average of 3 independent experiments and were analysed by an unpaired
Student’s t-test (** P<0.01, *** P<0.001, **** P<0.0001) in comparison to stimulated
EV control.

3.5 A55, C2 and F3 diminish p65 nuclear translocation

Next the ability of A55, C2 or F3 to prevent p65 translocation into the nucleus was
examined by immunofluorescence. Hela cells were transfected with plasmids
encoding TAP-tagged B14, F3, A55, C2, C2-B, C2-K or empty vector (EV). To
achieve a clean p65 exclusion from the nucleus without stimulation, transfected cells
were starved for 3 h in serum-free medium before being stimulated with TNF-a for 30
min followed by fixation and immunofluorescence. In the EV group, p65 was mainly
cytoplasmic when untreated and nuclear after TNF-a stimulation. In contrast, p65
remained in the cytoplasm following stimulation in the presence of B14 as expected.
Interestingly, those cells expressing A55, F3, C2, C2-B and C2-K showed a partially

inhibitory effect on the p65 nuclear translocation, compared to EV and non-
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transfected cells (Figure 3.9A). Cells expressing Flag-tagged proteins were
quantified from three independent experiments, with or without nuclear p65. The
results are shown as a percentage of Flag-positive cells with nuclear p65 (Figure
3.9B). This showed that with EV, the proportion of cells with nuclear p65 increased
from 15% to 90% following TNF-a stimulation. B14 inhibited p65 translocation into
the nucleus, with only 10% cells having p65 in the nucleus. For A55, C2, C2-B or C2-
K positive cells about 40%-50% showed nuclear p65 after TNF-a stimulation, about
20% for F3, indicating partial inhibition on the p65 translocation (Figure 3.9B).
Collectively, these data indicate that A55, C2 and F3 inhibit the NF-kB signalling
pathway downstream of IkBa degradation and at or upstream of p65 translocation.
Note that cells expressing C2 and C2-B showed an unusual morphology change that
cells were rounded up. This is likely linked to the association between C2 and Cdc42
via its BTB domain, which will be illustrated later. Due to the morphology change, the
data collection was challenging which makes the data less certain, and one should

be more cautious about interpreting p65 translocation.
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Figure 3.9. A55, C2 and F3 diminish p65 nuclear translocation. (A)
Representative immunofluorescent staining of p65 localisation in Hela cells
transfected with plasmids encoding Flag-tagged, B14, F3, A55, C2, C2-B, C2-K or
empty vector (EV) and left untreated or stimulated with 20 ng/ml TNF-a for 30 min.
Cells were stained with DAPI (blue), anti-Flag (red) and anti-p65 (green). Scale bar:
10 pM. (B) Average number of cells with nuclear p65. Data shown (mean + SD) are
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representative of 3 experiments, each carried out in triplicate and 100 cells counted
per conditions. Data were analysed by an unpaired Student’s t-test (**** P<0.0001) in
comparison to stimulated EV control.

3.6 Over-expressed C2 does not co-precipitate with cullin-3 or Flag-
KPNA2

BTB-Kelch proteins have been implicated as substrate-specific adaptors for protein
ubiquitylation in Cul3-based E3 ubiquitin-ligase complexes. In BTB-Kelch proteins,
the BTB domain is proposed to interact with the Cul3 component of the complex,
whereas the Kelch domain is presumed to act as the substrate-recognition module,
leading to the degradation or modification of the substrate (Pintard et al., 2004a).
Therefore, it was investigated if C2 interacts with Cul3. HEK-293Ts were transfected
with pcDNA4 A55 or C2 for 18 h followed by Flag-tagged immunoprecipitation (IP) of
cleared lysates. Co-immunoprecipitation of Cul3 was probed with an endogenous
anti-Cul3 antibody. Similar amounts of A55 and C2 were pulled down, but whereas
Cul3 was co-IPed by A55, consistent with published data (Gao et al., 2019; Pallett et
al., 2019), C2 did not co-IP Cul3 (Figure 3.10A). Notably data shown in reporter gene
assays (Figure 3.6A) indicated that both full length C2 and also the BTB and Kelch
domains separately, inhibited the NF-kB signalling pathway. This observation, and
the failure of C2 to co-IP with Cul3, indicates that C2 likely inhibits the NF-kB

signalling pathway via a Cul3-independent mechanism.

The inhibitory effect of A55, C2 and F3 on NF-kB signalling pathway has been
narrowed down to downstream of IkBa degradation and at or upstream of p65
translocation. It would be interesting to know how exactly these VACV BBK proteins
block p65 nuclear translocation. The activation of the IKK complex causes
phosphorylation of IkBa, leading to the polyubiquitylation of IkBa, which is then

rapidly degraded by the proteasome (Henkel et al., 1993; Karin and Ben-Neriah,
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2000). This results in the release of p50 and p65, exposing the nuclear localisation
signals (NLSs) of these NF-kB dimers. With the help of importin a/f heterodimers, in
which importin a binds to NLS, and importin 3 docks the importin-cargo complex, the
dimers of p50 and p65 are translocated into the nucleus where they activate NF-kB
responsive genes (Fagerlund et al., 2005; Goérlich. and Kutay., 1999; Macara, 2001).
Importin a-1 (also known as KPNAZ2), was shown to be most important for p65 import
(Liang et al., 2013b). KPNA2 is co-immunoprecipitated by A55, with or without the
context of infection, and ectopic AS55 reduces the level of KPNA2 co-
immunoprecipitated by HA-p65 (Pallett et al., 2019). Therefore, the possible

interaction between C2 and KPNA2 was examined in this study as well.

HEK-293Ts were transfected with pcDNA4 TAP-A55, -C2 or another VACV protein -
N1, for 18 h followed by Flag-tagged IP of cleared lysates. Co-IP of KPNA2 was
probed with an endogenous anti-KPNA2 antibody. Consistent with published data,
KPNA2 was co-IPed by TAP-A55, but this was not observed with TAP-C2 despite
the amount of AS5 and C2 pulled down being similar (Figure 3.10B) (Pallett et al.,
2019). A little bit of KPNA2 was co-IPed by the negative control TAP-N1, probably

due to the stickiness and/or higher level of N1 expression.
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Figure 3.10. Overexpressed C2 does not co-precipitate with cullin-3 or KPNA2.
HEK-293Ts were transfected with pcDNA4/TO-nTAP-AS55, pcDNA4/TO-nTAP-C2 or
pcDNA4/TO-nTAP-N1 for 18 h. Cells were lysed in (A) NP40 buffer or (B) RIPA
buffer, followed by Flag-tagged immunoprecipitation (IP) of cleared lysates. Co-
immunoprecipitation of cullin-3 (A) or KPNA2 (B) was probed with an endogenous
anti-CUL3 or anti-KPNA2 antibody. Molecular masses (in kDa) are indicated on the
left. Data shown are representative of at least 3 experiments.
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4 Results 2 - C2 Co-IPs Cul3 when A55 is present

As a BTB-Kelch protein, C2 is predicted to interact with Cul3, however Cul3 was not
co-IPed by ectopic C2 (Figure 3.10A). Another VACV BTB-Kelch protein A55 has
been shown to interact directly with Cul3 (Gao et al.,, 2019). In addition ECTV
EVMO018 (the orthologue of VACV C2) or EVMO027 (the orthologue of VACV F3)
expressed as EGFP fusion proteins did not co-IP Flag-Cul3 (Wilton et al., 2008a).
However, Flag-EVMO018 was reported to co-IP with endogenous Cul3 during VACV-
Cop infection, and a weak interaction between EVM027 and Cul3, was also noted
(Couturier, 2009b). This chapter focuses on the investigation of the putative

interaction between VACV C2 and Cul3.

4.1 The problem of detecting C2 by immunoblotting

Several studies reported a difficulty in detecting C2 protein expression, especially in
the cleared cell lysates (Couturier, 2009b; Pires de Miranda et al., 2003). A few
possible reasons that might cause this were explored. C2L or A55R cloned in the
pcDNA4/TO vector were transfected into HEK-293Ts and cells were lysed in several
commonly used lysis buffers in the lab, namely normal lysis buffer (Tris based buffer
containing Triton-X100), HEPES-based lysis buffer (HEPES based buffer containing
NP-40) and 0.5% NP-40/PBS, to test if the method of lysis (different compartments,
protein solubility, etc.) could improve detection. Whole cell lysates from passive lysis
buffer (commercial;, Promega E1941) were obtained as a positive control as it
worked fine for the immunolottings (whole cell lysates) for the reporter gene assays
carried out in the beginning of the study. Cleared lysates were also obtained after
centrifugation at 14,000 rcf for 20 min. Then samples were then boiled and analysed
by SDS-PAGE followed by immunoblotting with the indicated antibodies. As shown
in Figure 4.1A, the level of protein in the cleared lysates dropped greatly compared
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to the level of protein in the whole cell lysates for all buffers, which suggested either
the stability of C2 was disrupted, or C2 associated with the insoluble fraction. To
address this, a harsher buffer (RIPA containing SDS, sodium deoxycholate and NP-

40) was used but the levels of protein were not improved (data not shown).

The same problem remained even when C2 or F3 proteins were enriched by pulling
down with specific anti-Flag M2 affinity gel from cleared lysates of cells engineered
to inducibly express these proteins or the BTB or Kelch domins of C2 (Figure 4.1B).
HEK-C2, HEK-C2-B, HEK-C2-K and HEK-F3 cell lines were induced or not with
doxycycline for 24 h before lysed in passive lysis buffer, followed by Flag-tagged IP
of cleared lysates. Proteins pulled down were analysed by immunoblotting. The
parental cell line HEK tetR was included as a negative control. Interestingly, it
seemed proteins were stuck in the stacking gel and quite possibly the Kelch domain

is responsible for this effect (red arrow).

Different approaches were tried to solve this problem, which was evident whether the
samples were prepared from transfected or infected cells. When it came to the
different heat treatments during sample preparation, interesting differences emerged
(Figure 4.1C). HelLa cells were infected with a recombinant VACV expressing Flag-
tagged C2 (vC2-Flag) (Pires de Miranda et al., 2003), harvested after overnight
infection and lysed in 0.5% NP-40/PBS. Both whole cell lysates and cleared lysates
were collected. Samples were heated at 100°C or 60°C or not heated. The detection
of C2 protein increased as the temperature dropped in comparison to the loading
control. Consistent with previous experiments, samples that were boiled had the
majority of C2 stuck in the stacking gel. Thus, protein samples for all immunoblotting

in this thesis were not heated unless otherwise stated.
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Figure 4.1. Not heating samples aided detection of C2 by immunoblotting. (A)
Different lysis buffers were tested to optimise the detection of C2 by immunoblotting.
pcDNA4/TO C2L or A55R was transfected into HEK-293Ts and lysed in passive lysis
buffer, normal IP buffer, HEPES buffer or 0.5 % NP-40 (recipes see Materials and
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Methods). Whole cell lysates lysed in passive lysis buffer were obtained as a positive
control and cleared lysates were obtained by centrifugation. Then samples were
boiled and analysed by SDS-PAGE followed by immunoblotting with the indicated
antibodies. (B) Enriched proteins by incubating with anti-Flag M2 affinity gel from cell
lines inducibly-expressing Flad-tagged C2, the BTB or Kelch domains of C2, or F3.
Where indicated cells were induced with doxycycline for 24 h and lysed in passive
lysis buffer. Blue band of 25 kDa is the Ig light chain. (C) Different temperatures and
sample density during sample preparation. HelLa cells were infected at 5 p.f.u. / cell
with vC2-Flag, harvested after 16 h and lysed in 0.5 % NP-40/PBS. Samples were
heated at 100°C or 60°C for 5 min or not heated (w/0) and then analysed by SDS-
PAGE and immunoblotting. Data shown are representative of at least 3 experiments.

4.2 C2 co-immunoprecipates Cul3 during infection

To test the possible interaction between C2 and Cul3 during infection, HelLa cell lines
engineered to express TAP-tagged A55 or C2 inducibly after doxycycline addition
were mock-treated or infected with WT VACV at 10 p.f.u./cell for 14 h, before lysing
the cells in 0.5% NP-40/PBS. Cell lines were chosen for this assay instead of
infecting wild type cells with vC2-Flag because a positive control vA55-Flag was not
available. Cell lysates were cleared by centrifugation at 14,000 rcf for 15 min,
followed by Flag-tagged IP of cleared lysates. Co-IP of Cul3 was probed with an
endogenous anti-Cul3 antibody. A small proportion of cleared lysates were kept with
loading buffer as the input. Flag-A55 co-IPed Cul3 in mock-infected and infected
cells, whilst Flag-C2 could not co-IP Cul3 from mock-infected cells, but interestingly,
Cul3 was co-IPed with C2 during VACV infection (Figure 4.2A). This result is
consistent with the observations made with the ECTV orthologues of C2 and A55
(Couturier, 2009b). Although the infection control D8 was not perfect, it does not
weaken the conclusion as even with less infection context, Flag-C2 was still able to
pull down Cul3. The same result was obtained when HelLa cell lines inducibly
expressing C2 or A55 were infected with viruses lacking A55 or C2, to avoid

competition between tagged and untagged viral protein. EV was included as the IP
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beads control, and B14 as a viral protein control. This showed that endogenous Cul3
was co-IPed by Flag-A55 and Flag-C2 but only during infection, and not by EV or
Flag-B14 (Figure 4.2B). A double-band signal was picked up by the Cul3 antibody in
the C2 IP group, and the upper band might be neddylated Cul3. Conjugation of
NEDDS (neural precursor cell expressed developmentally down-regulated protein 8)
to the C terminus of Cul3 is required for the E3 ubiquitin ligase activity, and the Cul3
antibody used in this study was designed to recognise the C terminus of Cul3 (Merlet
et al., 2009). Although Figure 4.2 suggest that Cul3 seems activated when C2 was
over expressed, this pattern was not observed repeatedly. Moreover, the double

band of Cul3 could also be seen in conditions when A55 was over expressed (Figure

4.3).
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Figure 4.2. C2 coimmunoprecipates Cul3 during VACV infection. HelLa cell lines
were induced with 2 pg/ml doxycycline to express TAP-EV/AS55/C2/B14 for 24 h.
Cells were then mock treated or infected with WT VACV (A) or viruses lacking A55
or B14 or C2 (B) at 10 p.f.u./cell for 14 h. Cells were lysed in 0.5% NP40/PBS buffer
followed by Flag-tagged IP of cleared lysates. Samples were analysed by SDS-
PAGE and immunobotting with the indicated antibodies. Some of (B) was under
exposed to better detect B14. Molecular masses (in kDa) are indicated on the left.
Data shown are representative of at least 3 experiments.
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4.3 Cul3-C2 association is A55 dependent

The fact that C2 could not co-IP Cul3 by itself, but could within the context of
infection, lead to the hypothesis that C2 interacts with Cul3 via one or more other
VACV proteins. Since A55 was shown to interact with Cul3 directly, and BTB
domains can form homodimers and heteromers (Stogios et al., 2005), it was logical
to test if C2 interacts with Cul3 via A55. Hela cell lines were induced with
doxycycline for 16 h to express TAP-A55/C2, then mock-treated or infected by
viruses lacking A55 or C2, or lacking both A55 and C2, or lacking all three BTB-
Kelch proteins i.e. A55, C2 and F3. After infection, cells were lysed in 0.5%
NP40/PBS buffer followed by Flag-tagged IP of cleared Ilysates. Co-
immunoprecipitation of Cul3 was probed with an endogenous anti-Cul3 antibody.
Flag-A55 pulled down Cul3 when infected by vAAS55. C2 could not co-IP Cul3 under
mock condition, but Cul3 came down with Flag-C2 when cells were infected by vAC2.
However, when Flag-C2 cells were infected by the virus lacking A55 and C2
(VAA55AC2) or A55, C2 and F3 (vAAS55AC2AF3), Cul3 was no longer co-IPed. No
difference was observed in the triple deletion virus (vAA55AC2AF3) group compared
to the double deletion virus (Figure 4.3). This result suggests C2 needs A55 to

associate with Cul3.
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Figure 4.3. C2 requires A55 to co-IP Cul3. HelLa cell lines were induced to express
TAP- A55/C2 by addition of 2 pg/ml doxycycline for 24 h. Cells were then mock-
treated or infected by viruses lacking A55 or C2, or lacking both A55 and C2, or
lacking all three BTB-Kelch proteins i.e. A55, C2 and F3, at 10 p.f.u./cell for 9 h.
Cells were lysed in 0.5% NP40/PBS buffer followed by Flag-tagged IP of cleared
lysates. Samples were analysed by SDS-PAGE and immunoblotting with the
indicated antibodies. Co-immunoprecipitation of Cul3 was probed with an
endogenous anti-Cul3 antibody. Molecular masses (in kDa) are indicated on the left.
Data shown are representative of at least 3 experiments.

Next it was examined if A55 alone is sufficient for C2 to interact with Cul3, and if C2
and AS55 interact with each other (Figure 4.4). HelLa cell lines were induced with
doxycycline to express TAP-C2 or B14 and then transfected with V5-tagged C6
(Unterholzner et al., 2011b) or A55, or EV control. Sixteen hours later cells were
mock treated or infected by viruses lacking C2, or lacking both A55 and C2, or
lacking all three BTB-Kelch proteins i.e. A55, C2 and F3. After infection, cells were
lysed in RIPA buffer followed by Flag-tagged IP of cleared lysates. Note that the
level of C2 expression from the cell lines was reduced by virus infection due to virus
induced host shut-off. Co-immunoprecipitation of Cul3 and V5 was probed with an
endogenous anti-Cul3 antibody or V5 antibody. Cul3 was co-IPed by C2 when C2-

expressing cells were infected by vAC2, or when HelLa-C2 cells were transfected
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with V5-A55 and infected by either double deletion or triple deletion viruses.
Interestingly, Flag-C2 co-IPed Cul3 outside the context of infection, when V5-A55
was co-expressed. Co-expression of two other VACV proteins C6 or B14 did not
enable C2 to pull down Cul3, and V5-A55 was co-IPed by Flag-C2 with or without
the context of infection. A very small amount of V5-C6 was also detected with Flag-

C2, probably due to too much protein expressed.
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Figure 4.4. A55 alone is sufficient for C2 to co-IP Cul3 and C2 might interact
with A55. HelLa cell lines were induced to express TAP- C2/B14 by addition of 2
pug/ml doxycycline for 24 h (Flag, top line), and then were transfected with V5-tagged
C6 or A55 as indicated or EV control (V5, 2" line). After 24 h cells were mock-
treated or infected by viruses lacking C2, or lacking both A55 and C2, or lacking all
three BTB-Kelch proteins i.e. A55, C2 and F3, at 5 p.f.u./cell for 12 h. Cells were
lysed in RIPA buffer followed by Flag IP of cleared lysates. Samples were analysed
by SDS-PAGE and immunoblotting with the indicated antibodies. Molecular masses
(in kDa) are indicated on the left. Data shown are representative of at least 3
experiments.

To investigate if these proteins interacted at endogenous levels and to determine
which domains were required for the interaction, HEK-293Ts were transfected with
TAP-tagged C2 or F3, or the BTB or Kelch domain of each protein. Twenty-four

hours post transfection, cells were either mock treated or infected by viruses lacking
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C2 or F3. Cells were lysed in RIPA buffer followed by Flag IP of cleared lysates. Co-
immunoprecipitation of Cul3 and A55 was probed with an endogenous anti-Cul3 or
anti-A55 antibody (Figure 4.5A) (Beard et al., 2006). Consistently, in the absence of
AS55, Flag-C2 did not co-IP Cul3. During infection, Cul3 was pulled down by Flag-C2,
and endogenous A55 produced by VACV was pulled down by Flag-C2 as well. This
association was via the BTB domain of C2 but not Kelch domain, suggesting C2
associates with A55 via the BTB domain of C2, either directly or indirectly. No
interaction was observed between F3 and Cul3, or between the two truncation parts
of F3 and Cul3 during infection. This could mean that F3 does not interact with Cul3,
or the interaction is extremely weak, or the expression level of F3 in this experiment

is too low to reveal the interaction.

Next it was tested which domain of A55 might be interacting with C2. HEK-293Ts
were co-transfected with TAP-tagged A55 or A55 BTB or Kelch domain, or VACV N1
as a negative control, and V5-tagged C2 or a GFP control. Twenty-four hours post
transfection cells were lysed in RIPA buffer followed by V5-tagged IP of cleared
lysates. Co-immunoprecipitation of TAP-tagged proteins was probed with Flag
antibody (Figure 4.5B). Full length Flag-A55 and -A55-BTB was co-IPed by full
length V5-C2, whilst AS5-Kelch or the negative control VACV protein N1 was not
pulled down. This suggests A55-BTB associates with C2. Taken together, these data
suggest that A55 and C2 associate with each other via the BTB domain of both

proteins to form heterodimers.
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Figure 4.5. A55 and C2 interact via each other's BTB domain. (A) HEK-293Ts
were transfected with TAP-C2/C2-BTB/C2-Kelch/F3/F3-BTB/F3-Kelch. 24 h later
cells were mock treated or infected by viruses lacking C2 or F3 at 5 p.f.u./cell for 12
h. Cells were lysed in RIPA buffer followed by Flag IP of cleared lysates. In all panels
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samples were analysed by SDS-PAGE and immunoblotting with the indicated
antibodies (right) and molecular masses (in kDa) are indicated on the left. (B) HEK-
293Ts were co-transfected with TAP-A55/A55-BTB/A55-Kelch/N1 and V5-C2/GFP
for 24 h. Cells were then lysed in RIPA buffer followed by V5 IP of cleared lysates.
Data shown are representative of at least 3 experiments.

Of note, in Figure 4.5B, an upper band in the A55-BTB group was observed to be co-
IPed by V5-C2 too, and it is suspected to be the dimerised BTB domain of A55
based on the protein size. A55 was shown to interact with Cul3 directly, and the
structure was shown as a 2:2 heterotetramer complex of A55-BTB homodimer and
Cul3 N-terminal domain (Gao et al., 2019). Since C2 associates with Cul3 via A55, it
was investigated if C2 out-competes the dimerisation of A55 to hijack Cul3 from A55.
HEK-293Ts were transfected with V5-tagged C2 or EV along with TAP tagged A55-
BTB. Cells were lysed in RIPA buffer 24 h after transfection and cleared lysates were
analysed by immunoblotting. The expression level of A55-BTB both lower and upper
band (red arrow) was not convincingly affected by C2, and the amount of C2 did not
make an obvious difference either (Figure 4.6). It could be that C2 does not affect
the dimerisation of A55-BTB, or the upper band is not the dimerised A55-BTB.
Besides, A55-BTB was shown to have a very high affinity constant for Cul3, so if C2
did out-compete A55 to hijack Cul3 via the same interaction surface, C2 would have
to have at least an equally high affinity to be an effective competitor. Or, C2 binds to
AS55 via a different interaction surface from Cul3 and the 3 proteins form a complex
to work together. An alternative hypothesis might be the relative abundances of
these 3 proteins enables formation of different complexes when one of the partners

is low abundance.
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Figure 4.6. C2 does not out-compete A55 dimerisation. HEK-293Ts were co-
transfected with V5-C2/EV control and TAP-A55-BTB for 24 h. Cells were then lysed
in RIPA buffer and cleared lysates were analysed by SDS-PAGE and
immunoblotting with the indicated antibody (right). Red arrow points the upper band.
Molecular masses (in kDa) are indicated on the left. Data shown are representative
of at least 3 experiments.

Collectively, these data suggest the working model shown in Figure 4.7. In this
complex, A55 and C2 interact with each other directly or indirectly. A55 brings in
Cul3 via direct interaction between A55-BTB and Cul3, whilst C2 brings in substrates,
potentially via its Kelch domain, leading to the ubiquitylation of substrates followed
by protein degradation or modification. For simplicity the model does not show A55 /
Cul3 as the tetramer but only heterodimer. As no substrates of viral BBKs have been
identified, an unbiased TMT-Mass spec was carried out to test the hypothesis of this

working model as well as to identify novel viral BBKs substrates.
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Figure 4.7. A55 C2 working model. A55 and C2 interact with each other directly or
indirectly. A55 brings in Cul3 via direct interaction between A55-BTB and Cul3, whilst
C2 brings in substrates, potentially via its Kelch domain, leading to the ubiquitylation
of substrates followed by protein degradation or modification.
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5 Results 3 — VACV proteins A55 and C2 collaborate to target

cellular proteins for degradation

The model presented in Figure 4.7 predicts that VACV needs both A55 and C2 to
target cellular proteins for ubiquitylation and/or degradation to benefit some aspect of
the virus life cycle. To test this model, HFFFs were infected by WT VACYV or viruses
lacking individual viral genes, and an unbiased quantitative temporal viromic analysis
of VACV infection was performed by others (Soday et al., 2019). This approach
would determine if cellular proteins degraded following infection by WT VACV were
‘rescued” when specific VACV genes were missing. From these experiments,
several cellular proteins targeted by A55 and/or C2 were identified to be differentially
regulated (unpublished) (Figure 5.1). For example, proteins Fer, Scrib, RASA2 and
FRMD6 were downregulated by WT VACV more than 50% compared to mock
(Figure 5.1A). The multiple lines represent 3 independent experiments. Losing C2 or
A55 rescued the protein level of Fer, Scrib and RASA2 with the other mutant viruses
showing very consistent flat lines, suggesting both A55 and C2 but no other VACV
proteins are needed for VACV to downregulate these proteins. Notably the
downregulation of these proteins were also observed in the presence of AraC
(cytosine arabinoside) (Figure 5.1A), indicating that early genes were responsible
and intermediate or late gene expression was not needed, which is consistent with
the expression kinetics of A55 and C2 as early genes (Yang et al.,, 2010b). This
study identifies cellular proteins specifically targeted by A55 and/or C2, as there are
cellular proteins targeted by other VACV proteins but not affected by A55 or C2,
such as HDACS5 degraded by VACV protein C6 (Soday et al., 2019). Interestingly,
the protein level of FRMD6 was rescued by loss of A55 but not C2 (Figure 5.1B).

This unbiased viromic result suggests that A55 and C2 indeed collaborate to target
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cellular proteins in some cases such as Fer, Scrib or RASA2, however A55 can also

downregulate cellular proteins like FRMDG6 independent of C2.
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Figure 5.1. Cellular proteins targetted for degradation by A55 and/or C2. This
work was done by others (Soday et al., 2019). (A). Telomerase reverse transcriptase
(TERT)-immortalised primary human foetal foreskin fibroblasts (HFFF-TERTs) were
mock-infected or infected at 5 p.f.u/cell in triplicate with WT VACV strain WR for the
indicated times or one mock and one infected sample for 6 h in the presence of 40
pg/ml of cytosine arabinoside (AraC). For triplicate samples data are represented as
mean + SEM. (B) Single cultures of HFFF-TERTS were infected with mutant VACVs
(derived from WT VACV WR) lacking the individual viral genes indicated at 5
p.f.u/cell for 12 h. All samples were then processed for analysis of the abundance of
virus peptides by mass spectrometry as described by Soday et al., 2019.
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5.1 Cellular targets of A55 and/or C2

511 Fer

Tyrosine-protein kinase FES-related (Fer) protein was identified in 1988 and is a
cytoplasmic tyrosine kinase that belongs to a small family of non-transmembrane
receptor tyrosine kinases. The only other member of the family is FES (Feline
sarcoma). Fer and FES kinases consist of a unique amino-terminal FCH
(FES/FER/Cdc-42-interacting protein homology) domain, three coiled-coil motifs that

promote oligomerisation, a central Src homology 2 (SH2) domain for protein
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interactions, and a kinase domain in the C-terminal region (Hao et al., 1989; Letwin
et al., 1989; Siveen et al., 2018). Fer is expressed ubiquitously and acts downstream
of cell surface receptors for growth factors such as platelet-derived growth factor
(PDGF), and plays a role in the regulation of cell adhesion, cell migration and
cytoskeleton regulation (Greer, 2002; Rosato et al., 1998; Yoneyama et al., 2012).
Fer can inhibit Wnt/B-catenin signalling but activate EGF-dependent NF-kB signalling
(Chen et al.,, 2014; Guo and Stark, 2011). Fer promotes the progress and/or
metastasis of multiple malignancies such as pancreatic cancer, breast cancer and
lung adenocarcinoma (Ahn et al., 2013; lvanova et al., 2013; Liu et al., 2014). Fer
was also shown to enhance the innate immune response in a murine model of
pneumonia, by promoting the recruitment of inflammatory monocytes and activating

STAT signalling (Dolgachev et al., 2018).

5.1.2 RASA2

Ras GTPase-activating protein 2 or Ras p21 protein activator 2 (RASA2), also
known as GAP1™ (as a mammalian counterpart of the Drosophila Gap1), is a
member of the GAP1 family of GTPase-activating proteins (Maekawa et al., 1994).
Ras, as a small GTPase, cycles between an active GTP-bound and inactive GDP-
bound form. This cycle is controlled by guanine nucleotide exchange factors (GEFs),
which stimulate the exchange of GDP for GTP, and by GTPase-activating
proteins (GAPs), which terminate the active state by stimulating GTP hydrolysis
(Trahey and McCormick, 1987). Among the GAPs, the GAP1 subfamily consists of
RASA3, RASA2 (or GAP1™), RASA4 (or CAPRI) and RASAL (or RASAL1) (Allen et
al., 1998; Cullen et al., 1995; Lockyer et al., 2001; Maekawa et al., 1994). RASA2
controls cellular proliferation and differentiation by suppressing Ras function. Since

Ras is over-activated in some cancers, RASA2 is seen as a tumour-suppressive
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gene. In fact, a study showed RASA2 expression was lost in more than 30% of
human melanomas and was associated with reduced patient survival. Loss-of-
function mutations of RASA2 were also found in 5% of melanomas, leading to

overactive Ras, melanoma cell growth and migration (Arafeh et al., 2015).

5.1.3 FRMD®6

FERM domain-containing protein 6 (FRMDG6), also known as Willin (after William
Dick, founder of the Royal (Dick) School Veterinary College, University of Edinburgh,
Scotland, UK) was firstly identified in 2005. The level of FRMDG6 in human tissue was
found to be low and FRMD6 was shown to bind phospholipids (Gunn-Moore et al.,
2005). FRMDG6 belongs to the 4.1 superfamily, with other members including ezrin,
radixin, moesin (ERM), merlin, talin and protein-tyrosine phosphatases. The 4.1
superfamily proteins are involved in maintaining submembrane cytoskeleton, and
have a conserved region called the FERM (4.1 ERM) domain near the N terminus
(Bretscher et al., 2002). Not much is known about the functional role of FRMDG in
mammalian cells, but ectopic expression of FRMD6 could activate Hippo signalling
pathway, by increasing the phosphorylation of Hippo signalling pathway components

MST1/2, LATS1 and YAP (Angus et al., 2012).

5.1.4 Scrib

Protein scribble homologue (Scrib) was originally identified in Drosophila and is
highly conserved between Homo sapiens and Drosophila. Scrib is a member of the
LAP (for “LRR and PDZ”) family of adaptor proteins that are involved in polarity and
proliferation of epithelial cells. LAP proteins feature a combination of 16 leucine-rich
repeats (LRR) at the N terminus and either four (LAP4), one (LAP1) or no (LAPO)

copies of the PDZ domain at the C terminus. PDZ is short for “PSD95/DLG/Z0O-17,
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the three proteins where this domain was first identified. Scrib is a LAP4 protein

(Bilder and Perrimon, 2000; Santoni et al., 2002).

Scrib localises at the base of adherence junctions (Bryant, 1997; Dow et al., 2003).
So far Scrib has been associated with roles in cell-cell adhesion, maintaining cell
polarity, pro-apoptotic signalling, and suppressing tumour progression (Humbert et
al., 2003). For example, Scrib was downregulated and mis-localised by mammary
tumours (Zhan et al., 2008). Disruption of cell-cell adhesion and cell polarity can lead
to the loss of epithelial identity through a process called epithelial to mesenchymal
transition (EMT), a crucial process in tumour progression providing tumour cells with
the ability to escape from the primary tumour, to migrate to distant regions and to
invade tissues (Moreno-Bueno et al., 2008). Scrib has also been reported to be
targetted by viral factors such as high-risk human papillomavirus (HPV) E6, with
which Scrib interacts directly via its PDZ domain, leading to Scrib degradation
(Nakagawa and Huibregtse, 2000). As a scaffold protein, Scrib binds to other
proteins as well. BetaPIX (BPIX), a GEF for Rac/Cdc42, directly binds to the Scrib
PDZ domains, bridging PAK, a Rac/Cdc42 effector, to Scrib, enabling Scrib to
regulate the activity of PAK. Overexpression of Scrib also inhibits BPIX and Cdc42
recruitment to the leading edge of cells (Audebert et al., 2004; Nola et al., 2008;
Osmani et al., 2006). Cdc42 functions at the cell membrane to stabilise the Arp2/3
complex to promote action polymerisation (Watson et al., 2017). Scrib has been
shown to regulate MAPK-ERK signalling (Elsum et al., 2013), Hippo signalling
(Cordenonsi et al., 2011) and cell-cycle progression from G1 to S phase (Nagasaka
et al., 2006). Loss of Scrib has also been shown to upregulate TGF-B / Smad

signalling in mice (Yamben et al., 2013).
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Figure 5.2. Summary of A55 and/or C2 cellular targets.

5.2 A55 and C2 collaborate to degrade Scrib

To validate the viromic data, as well as to screen cell lines and test antibodies for the
expression and detection of target proteins, a few commonly used human cell lines
in the lab such as HEK-293T, HelLa and HFF were infected with VACV or mutant
strains lacking A55 or C2, and all three proteins, Fer, RASA2 and Scrib, targeted by
both A55 and C2 were tested by immunoblotting. Due to either low protein
expression levels or lack of a sensitive / specific antibody, it was difficult to detect
endogenous Fer or RASA2, but this was not the case for Scrib. Scrib has been
shown to regulate the activity of Cdc42, a potential binding partner of C2 (more
details in chapter 7), providing a link to C2, hence work on Scrib was prioritised and

is the focus of this chapter. As the main interest of this thesis is the collaborative
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function of A55 and C2, and FRMDG6 seems to be the target of A55 solely according
to the viromic data, FRMD6 was not the primary focus but is included in some

assays as an additional testing target or a control.

HEK-293Ts were mock-treated or infected by WT VACV (vC2, the parental viruses
used to construct vAC2) at 10 p.f.u/cell. A proteasome inhibitor MG132, which
reduces the degradation of ubiquitin-conjugated proteins in mammalian cells, was
added 3 h p.i. to allow virus attachment and early gene expression including A55R
and C2L (Lee and Goldberg, 1998; Satheshkumar et al., 2009; Yang et al., 2010a).
Cells were then lysed in 1% NP-40/PBS at the indicated time p.i.. Cleared lysates
were analysed by immunoblotting. Endogenous Scrib was detected with a specific
antibody. Scrib is a rather big protein of 210 kDa, therefore 8% polyacrylamide gels
were used to optimise Scrib detection by immunoblotting. Tubulin was probed as the
protein loading control as its level is not altered during VACYV infection. VACV protein
C16 was probed as the infection control (Figure 5.3). After infection with WT VACV
the levels of Scrib decreased, consistent with the viromic data, however adding
MG132 prevented this, suggesting that this downregulation is due to proteasome

dependent degradation.

vC2 vC2+mg132
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Figure 5.3. Validation of Scrib degradation by VACV. HEK-293Ts were mock
treated or infected by WT VACV at 10 p.f.u/cell for the times shown. Where indicated
MG132 (10 uM) was added 3 h p.i. Cells were lysed in 1% NP-40/PBS and cleared
lysates were analysed by immunoblotting (8% polyacrylamide for Scrib, 12%
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polyacrylamide for tubulin and C16). Molecular masses (in kDa) are indicated on the
left. Data shown are representative of at least 3 experiments.

Next, to validate if Scrib is targeted by A55 and C2 collaboratively, HEK-293Ts were
mock-treated or infected at 10 p.f.u/cell with VACV, or viruses lacking A55 or C2.
Cells were then lysed in 1% NP-40/PBS when indicated and cleared lysates were
analysed by immunoblotting. As above, Scrib was degraded by WT VACV compared
to mock control, but infection with strains lacking either C2 or A55 did not induce
Scrib degradation (Figure 5.4A). This is consistent with the viromic data (Figure 5.1).
Infection with a virus lacking both C2 and A55 (VAAC) resulted in similar levels of
Scrib to infection with viruses lacking either A55 or C2 (Figure 5.4B). This showed
that both C2 and A55 are needed for Scrib degradation and loss of either has the
same outcome as loss of both. To validate the viromic data for FRMDG6, and to
provide further evidence that A55 and/or C2 target cellular proteins by more than one
mechanism, HelLa cells were mock treated or infected by WT VACV, or viruses
lacking C2 or A55 or both A55 and C2. Cells were lysed in a harsher buffer RIPA to
better detect FRMDG6, and cleared lysates were analysed by immunoblotting. Actin
was detected as the loading control and D8 as the infection control (Figure 5.4C).
Litle FRMD6 was detected in the mock infected cells, which could be a technical
issue or low protein expression in the particular cell line (HeLa), and is inconsistent
with the viromic data in Figure 5.1 (HFFF cells). No FRMD6 was detected after WT
VACV or vAC2 infection, however FRMD6 was observed after infection by vAA55
and vAAC. This result suggests that FRMDG is targeted by A55 but not C2. The

viromic data (Figure 5.1) do not indicate that FRMDG6 is upregulated after infection.
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Figure 5.4. Validation of protein rescue by loss of A55 and/or C2. (A) HEK-
293Ts were mock treated or infected by WT VACV, or viruses lacking C2 or A55 at
10 p.f.u./cell. Cells were lysed in 1% NP-40/PBS at indicated h p.i. Cleared lysates
were analysed by immunoblotting (8% polyacrylamide for Scrib and 12%
polyacrylamide for alpha-tubulin and C16). (B) HEK-293Ts were mock treated or
infected by WT VACV, or viruses lacking C2 or A55 or both A55 and C2 at 5
p.f.u./cell. Cells were lysed in 1% NP-40/PBS 18 h p.i.. Cleared lysates were
analysed by immunoblotting (8% polyacrylamide for Scrib, 12% polyacrylamide for
actin and D8). (C) HeLa cells were mock treated or infected by WT VACV, or viruses
lacking C2 or A55 or both A55 and C2 at 5 p.f.u./cell. Cells were lysed in RIPA buffer
14 h p.i. Cleared lysates were analysed by immunoblotting (12% polyacrylamide).
Molecular masses (in kDa) are indicated on the left (A and B) or the right (C). Data
shown are representative of at least 3 experiments.

5.3 A55 and C2 are sufficient to degrade Scrib

A55 and C2 are both needed for VACV to induce degradation of Scrib, but it is not
known if A55 and C2 are sufficient to degrade Scrib without the help of other VACV
proteins. To examine this, HEK-293T cell lines that inducibly express A55 or C2
were produced (Methods) and initially the stability of Scrib in these cells was
examined after infection by VACVs lacking A55, C2 or both proteins (Figure 5.5A),
and if the protein level of A55 or C2 in these cell lines, aided by the context of

infection, is enough to degrade Scrib, i.e. if these cell lines are a good tool to study
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the degradation of Scrib. HEK-293T cell lines were induced with doxycycline to
express TAP-A55 / C2 or left untreated and 24 h later cells were mock treated or
infected by viruses lacking A55 or C2 (to avoid competition between tagged A55 and
C2, made by the cell lines, and untagged A55 or C2, made by virus infection) for 14
h. Cleared lysates were collected and analysed by immunoblotting (Figure 5.5A).
The protein level of Scrib was abundant in mock-infected, induced HEK-A55 or HEK-
C2 cell lines, once again suggesting A55 or C2 alone is not enough to degrade Scrib.
Viruses lacking A55 or C2 could not degrade Scrib in non-induced HEK-293T cell
lines, but Scrib was degraded in cells that were induced to express A55 or C2, and
then infected by viruses expressing either C2 or A55. Note that the level of tagged-
AS55 or C2 made by the cell line is much reduced 14 h p.i. compared to mock inected
cells because of virus induced host shutoff. These results suggest that: 1) these
inducible HEK-293T cell lines are a good tool to study Scrib degradation, and 2)
mechanistically the degradation of Scrib requires both A55 and C2, although whether

other viral factors are also required cannot be ruled out at this stage.

Next a HEK-293T cell line inducibly expressing both A55 and C2 (named HEK-AC)
was constructed to determine if AS5 and C2 are sufficient to degrade Scrib. HEK-
293T cell lines were induced to express TAP-AS5, C2, or A55 and C2 (AC). Twenty-
four h later cells were lysed and cleared lysates were analysed by immunoblotting
(Figure 5.5B). Scrib was not detected in the cell line expressing both A55 and C2,
but was clearly visible in cell lines cell lines expressing only A55 (HEK-A55) or C2
(HEK-C2). Tubulin showed relatively equal protein loadings. This result indicates that
A55 and C2 are sufficient to degrade Scrib, and other factors induced by or

expressed by VACV are not needed.

107



Altogether, these data show that: 1) Scrib is degraded by VACV in a proteasome-
dependent manner; 2) the degradation of Scrib requires both A55 and C2; 3) A55
and/or C2 can target cellular proteins together or independently; and 4) A55 and C2

are sufficient to degrade Scrib in the absence of other viral factors.
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Figure 5.5. A55 and C2 are sufficient to degrade Scrib. (A) HEK-293T cell lines
were induced where indicated (+) with 2 pg/ml doxycycline to express TAP- A55/C2
doe for 24 h. Cells were mock treated or infected by viruses lacking A55 or C2 at 5
p.f.u./cell for 14 h. Cells were lysed in 1% NP40/PBS buffer and cleared lysates were
collected and analysed by immunoblotting. (B) HEK-293T cell lines were induced
with 2 pg/ml doxycycline to express TAP-AS5, C2, or A55 and C2 for 24 h. Then
cells were lysed in 1% NP40/PBS buffer and cleared lysates were collected and
analysed by immunoblotting. Molecular masses (in kDa) are indicated on the left.
Data shown are representative of at least 3 experiments.

5.4 Degradation of Scrib requires the interaction between A55 and Cul3
Previously, purified recombinant A55 and Cul3 was used to demonstrate that the
interaction of these proteins was direct and the crystal structure of these proteins
was determined (Gao et al., 2019). Structure based mutagenesis and isothermal
titration calorimetry (ITC) demonstrated that substitution of isoleucine 48 for glutamic
acid (I148E) reduced the binding of A55 to Cul3 greatly (>100 fold) in vitro (Gao et al.,
2019). Isoleucine 48 was conserved in A55 orthologues from other poxviruses, but
not in the VACV proteins C2 or F3 (Gao et al., 2019). This suggests that A55-148

might be highly important for A55 binding to Cul3 in vivo. Further, the fact that C2 or
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F3 lack 148 is consistent with the observation that they do not interact with Cul3 on

their own, as shown before (Chapter 4).

To investigate if AS5 and C2 targetting of cellular proteins requires an interaction
between A55 and Cul3, a TAP-tagged I48E A55 cloned into pcDNA4/TO was
constructed and checked by DNA sequencing (Figure 5.6B). To test the dependence
on I48E for A55 interaction with Cul3, HEK-293Ts were transfected with a low (0.5
Mg) and a high (3 pg) dose of TAP-A55 or TAP-AS55-148E for 18 h. Cells were then
lysed in 1% NP-40/PBS followed by Flag-tagged IP of cleared lysates. Co-
immunoprecipitation of Cul3 was probed with an endogenous anti-Cul3 antibody.
Endogenous Cul3 was co-IPed by both low and high levels of wild type A55. With
similar protein levels to wild type A55 in the input, In contrast, Cul3 was not co-IPed
by A55-148E despite respectable levels of expression compared to WT A55 (Figure
5.6A). Hence it is validated that 148E mutation of A55 very greatly reduces the

interaction between A55 and Cul3 inside cells, making it a good tool for further study.
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Figure 5.6. A55 I48E mutation abolishes A55 & Cul3 interaction. (A) Plasmids
expressing TAP-tagged A55 or a mutant A55 (I48E) containing a point mutation at
the 48th amino acid where a non-charged isoleucine changed to negatively charged
glutamate (both hydrophobic) were transfected into HEK-293T cells for 18 at the
indicated doses. Cells were lysed in 1% NP-40/PBS followed by Flag-tagged IP of
cleared lysates and immunoblotting. Co-immunoprecipitation of Cul3 was probed
with an endogenous anti-Cul3 antibody. Molecular masses (in kDa) are indicated on
the left. Data shown are representative of at least 3 experiments. (B) Sequence
alignment of I48E and wild type A55 showing point mutation.

Next, to investigate if AS5 and/or C2 targetting of cellular proteins requires the
interaction between A55 and Cul3, a mutant VACV containing A55_|148E mutation
(vI48E) was constructed and characterised by inserting A55R containing 148E

mutation into vAASS using TDS as described in Materials and Methods. The virus

was checked by PCR of A55 locus and DNA sequencing (Figure 5.7).

110



2000

750

B

S E Y F § I L F S N N F I DSNVUE Y E V
VAS55 tccgaatatttttcc-attctgttttccaataattttatcgattctaatgaatacgaagt
(NERRRRR R RN FEErrrr e e e e el
V|48E TCCGAATATTTTITCCGAG-CIGTTTTCCAATAATTTTATCGATTCTAATGAATACGAAG
S E Y F S E L F S N N F I DS NVUE Y E V

Figure 5.7. vl48E checking. (A) PCR product of A55 locus from vA55 (WT VACV),
vAASS and vI48E (3 clones). (B) Sequence alignment of vA55 and vI48E shows 148E
mutation and the rest of A55 intact in vI48E.

HEK-293Ts were mocked treated or infected with WT VACV (vAS55, the parental
virus used to construct vAA55), vI48E or vAASS for 16 h. Cells were then lysed in
RIPA buffer and cleared lysates were analysed by immunoblotting with antibodies to
Scrib and FRMD6 (Figure 5.8). Protein levels of Scrib and FRMD6 were detectable
in the mock-infected cells but not after infection with WT VACV (vAS5). In contrast, in
cells infected by vAASS or vI48E Scrib and FRMD6 were present at levels similar to
uninfected cells. This shows that a mutant VACV with impaired interaction between
AS55 and Cul3 can no longer induce degradation of certain cellular proteins, such as
Scrib and FRMD6. Thus the degradation of Scrib and FRMD6 requires the
interaction between A55 and Cul3. Although the 148E expression during infection has
not been examined in this experiment, the protein showed a stable expression level

when overexpressed in mammalian cells.
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Figure 5.8. Scrib degradation by VACV requires the interaction between A55
and Cul3. A VACV strain containing the A55 148E mutation (vI48E) was constructed
as described in Methods. HEK-293Ts were mock treated or infected with wild type
VACV (vA55), vI48E or vAASS at 5 p.f.u./cell for 16 h. Cells were then lysed in RIPA
buffer and cleared lysates were analysed by SDS-PAGE and immunoblotting with
the indicated antibodies. Molecular masses (in kDa) are indicated on the left. Data
shown are representative of 2 independent experiments.

It was hypothesised that in the case of A55 and C2 targetting cellular proteins
collaboratively, whilst A55 interacts with Cul3, C2 might interact with substrates to be
brought to the complex for ubiquitylation. To examine if C2 acts as the substrate
receptor for Scrib, HEK-293Ts were co-transfected with TAP-tagged VACV BBK
proteins C2, A55 and F3 plus C6 as an unrelated control, and Myc-tagged Scrib or
EV. Flag-tagged proteins were IPed and co-IP of Myc-Scrib was probed with Myc
antibody. A harsh buffer RIPA was chosen for this assay because Myc-Scrib was
found to be sticky in other experiments. Myc-Scrib was enriched in the Flag-C2
condition in comparison to A55, F3 and C6, even though the protein levels of
enriched A55 or C6 were higher than C2 (Figure 5.9). This result suggests that C2

brings Scrib to a complex containing A55 and Cul3 for it to be degraded.
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Figure 5.9. C2 associates with Myc-Scrib. HEK-293Ts were co-transfected with
TAP-C2, A55, F3 or C6 and Myc-Scrib or EV for 18 h. Cells were lysed in RIPA
buffer followed by Flag-tagged IP of cleared lysates. Samples were analysed by
SDS-PAGE and immunoblotting with indicated antibodies. Molecular masses (in kDa)
are indicated on the left. Data shown are representative of 3 experiments.

Based upon the data obtained a model for the degradation of Scrib was proposed as
illustrated (Figure 5.10). A55 and C2 associate with each other, although it is
unknown if this is a direct or indirect interaction. A55 also interacts with Cul3 directly
via its BTB domain and with high affinity (Gao et al., 2019). C2 associates with Scrib,

leading to its ubiquitylation and degradation.
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Figure 5.10. Working model for how A55 and C2 induce degradation of Scrib in
a Cul3- and proteasome-dependent way. A55 and C2 interact with each other
directly or indirectly. A55 brings in Cul3 via direct interaction between A55-BTB and
Cul3, whilst C2 brings in Scrib as the substrate, potentially via its Kelch domain (not
confirmed), leading to the ubiquitylation of Scrib followed by protein degradation.
Note that the structure of the A55-BTB/Cul3 complex showed a 2:2 heterotetrameric
complex rather than the 1:1 heterodimer illustrated for simplicity.
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6 Results 4 — Role of Scrib in VACYV infection and the mechanisms

in antiviral signalling

6.1 Construction of Scrib knockout cell lines using CRISPR-Cas9

To further investigate the role of Scrib during VACYV infection, SCRIB™ cell lines were

generated using CRISPR-Cas9 genome editing (Ran et al., 2013).

Clustered regularly interspaces short palindromic repeats (CRISPR)-Cas9 (CRISPR
associated) is a microbial adaptive immune system that uses RNA-guided nucleases
to cleave foreign genetic elements (Garneau et al., 2010). Cas9 is a nuclease that is
guided by small RNAs via Watson-Crick base pairing with target DNA and belongs to
the Type Il CRISPR system (Gasiunas et al., 2012). In this system, Cas9 targets
genomic DNA guided by a sgRNA (single guide RNA) containing a 20-nt guide
sequence. The guide sequence pairs with the DNA target, usually a specific gene of
interest, and is immediately followed by the proto-spacer adjacent motif (PAM)
sequence which is essential for Cas9 binding to the targeting sequence. Each Cas9
orthologue has a unique PAM sequence. In this study, the CRISPR-Cas system
derived from Streptococcus pyogenes is used, and the target DNA must immediately
precede a 5-NGG-3' PAM (Jinek et al., 2012). Cas9 then mediates a double-
stranded break (DSB) 3 bp upstream of PAM. Upon cleavage by Cas9, the target
locus initiates two major DNA repair pathways, either via non-homologous end
joining (NHEJ) or homology-directed repair (HDR). Without a repair template, DSBs
are re-ligated through the error-prone NHEJ. This process leaves scars that may be
random insertion/deletion (indel) mutations. Gene knockouts can be introduced by

NHEJ because indels occuring within a coding exon can lead to frameshift mutations
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(when indel bp numbers are not divisible by three) or by the creation of premature

stop codons (Perez et al., 2008).

Human SCRIB is located on chromosome 8 (8924.3, NCBI GenelD: 23513). There
are 3 described isoforms, and the canonical isoform is a protein of 1630 amino acids
that is encoded by 37 exons. Of the 3 isoforms, although isoform 2 lacks exon 1 and
part of exon 2, and isoform 3 has an insertion at the end of the protein, all three
isoforms have complete exon 3 and exon 4 (Figure 6.1). Two gRNAs were designed
as shown in Fig. 6B to minimise the chances of false phenotypes due to off-target
effects. These target exon 3 and exon 4 and were designed using the tool online
(MIT, http://crispr.mit.edu/) (Ran et al., 2013). The tool gives a ranking score based
on the likelihood of off-target effects, so the top-scored sequences were chosen
(Figure 6.2B). The gRNA sequences were then designed for primers to anneal and
ligated into the pSPCas9-2A-Puro (px459) plasmid (Ran et al., 2013). px459
encodes a sgRNA scaffold for insertion of the gRNA, and a human codon-optimised
Cas9 nuclease fused with 2A — puromycin (puro) resistance marker for cell selection
after transfection. The 2A stop-go sequence linking Cas9 with the puro resistance
gene means that both are expressed from one ORF, so the amount of Cas9

produced should correlate with puro resistance (Sharma et al., 2012).
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Figure 6.1. CLUSTAL O(1.2.4) multiple sequence alignment of 3 described
isoforms of Scrib produced by alternative splicing. Human SCRIB locates on
chromosome 8 (8924.3). There are 3 described isoforms of Scrib, and the canonical
one is translated from an mRNA that has 37 exons and enodes a protein of 1630
amino acids. Highlightened sequences are translated from SCRIB exon 1 (yellow),
exon 2 (green), exon 3 (purple) and exon 4 (turquoise). All isoforms contain
complete exon 3 and exon 4.
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A

Exon 3 Exon 4 !
--aaggctctggagatcgcggacttcagegggaaccccctct-- Intron -- acctggecctgaatgatgtg tctctgcaggeactgeccgg--Intron
gRNA1 gRNA2
B
Primer Sequence Primer Sequence

Scrib Exon3 Fw  [caccg ctggagatcgcggacttcag Scrib Exon4 Fw  [caccg cctgaatgatgtgtctctge

Scrib Exon3 Rv  [aaac ctgaagtccgegatctecag ¢ Scrib Exon4 Rv  |aaac gcagagacacatcattcagg c

Figure 6.2. Guide RNA and primer design for CRISPR. (A) Two gRNAs (in red)
targeting Scrib Exon 3 or Exon 4 (existing in all isoforms) were designed using an
online platform (Ran et al., 2013). The PAM sequence is underlined, and the
cleavage sites are labelled with triangles. (B) Oligonucleotide primers containing
these gRNAs were designed in a way to be cloned into plasmid px459, which was
designed by the Zhang lab to express gRNA plus a puromycin resistance marker
and human codon-optimised Cas9 (Ran et al., 2013).

HEK-293Ts were chosen to generate SCRIB KO cells because their transfection
efficiency is much higher than other cell lines such as HelLa or HFF, which makes it
easier to construct the KO cell lines. In addition the high transfection efficiency also
benefits future complementing assays. Furthermore, VACV infects and replicates
well in HEK-293Ts, and the degradation of Scrib by VACV or by A55 & C2 was

demonstrated to occur in HEK-293Ts.

HEK-293Ts were transfected with plasmid px459 containing either gRNA or a
scrambled control (primer sequence: caccgcagacaaacccttgaacca;
aaactggttcaagggtttgtctgc) for 48 h before puromycin selection (2 ug/ml). Forty-eight h
later, cells that had survived puromycin treatment were serially diluted for single cell
selection. Two weeks later more than 15 individual cell clones deriving from each
gRNA were picked and amplified. Protein extracts from these cell lines were then
analysed by SDS-PAGE and immunoblotting. Several clones such as KO_11 (exon
3 targeted) and KO_28 (exon 4 targeted) showed an absence of the protein band of
~210 kDa compared to WT clones (Figure 6.3A), suggesting the potential success of

SCRIB KO. These cell clones were then sequenced at the gRNA sites. For each cell
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line, a PCR-amplified DNA fragment containing exon 3 or exon 4 was purified and
cloned into TOPO TA vector (Invitrogen) and then transformed into competent E. coli
cells. From each bacterial transformation at least 10 clones were sequenced.
Mammalian cell lines are diploid but HEK-293T cells are known to be a
heterogeneous population and could be diploid or triploid, meaning there should be
2-3 copies of chromosome 8 and thus 2-3 copies of SCRIB. KO_11 showed 3
sequences and KO_28 cell lines showed 2 sequences, both containing frameshift
mutations. Importantly, there was an absence of the wild type allele (Figure 6.3B).
Together, these data suggest KO_11 and KO_28 are SCRIB”- cells ready for further

characterisation studies.
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. . No. of
Cell lines Genomic DNA sequence Allele
sequences
HEK293T Exon 3 | ttctgcaaggctctggagatcgecggacttcagecgggaacccce
ttctgcaagge————=—==—=———————————— gggaacccc 1 6
KO_11 ttctgcaaggctctggagatcgcggac—————-—-—-—---- cccce 2 3
ttctgcaaggctctggagatcgcgga--tc-gcgggaaccce 3 1
HEK293T Exon 4 | cctgaatgatgtgtctctgcaggcactgce
cctgaatg------—------- gcactgc 1 4
KO_28
cctgaatgatgtgtctcAtgcaggcactgce 2 6

Figure 6.3. CRISPR-Cas9 mediated genome editing of Scrib in HEK-293T cells.
HEK-293Ts were transfected with px459 plasmids containing gRNA1, gRNA2, or a
scrambled sequence then selected by puromycin. Survived cells went through single
cell selection by serial dilution. More than 15 individual cell clones of each gRNA
were amplified. (A) Individual cell clones after single cell selection were amplified
and analysed by SDS-PAGE and immunoblotting. Clone KO_11 (exon 3 targeted)
and KO_28 (exon 4 targeted) plus a few other clones were chosen for genomic
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sequencing. (B) Genomic DNA from potential knockout clones was sequenced at the
gRNA target sites. For each cell line at least 10 clones were sequenced. Both alleles
of KO_11 (exon 3) and KO_28 (exon 4) contained frameshift mutations and an
absence of the wild type allele.

6.2 Characterisation of VACV infection in Scrib KO cells

Scrib is degraded by high risk human papilloma virus (HPV) (Nakagawa and
Huibregtse, 2000), influenza A virus (Liu et al., 2010) and hepatitis C virus (HCV)
(Awad et al., 2013) thus it may be a viral restriction factor (Thomas and Banks, 2018).
To determine whether and how Scrib affects VACV replication or spread, Scrib KO
cell lines were infected at high or low multiplicity of infection (MOI) and the yield of
virus and size of virus plaque was determined. As HEK-293Ts are semi-adherent
cells and to ensure they stayed on the surface of tissue culture plates, 6-well plates
were coated with poly-D-lysine (0.01 mg/ml) for 2 h and then washed with PBS 3
times. The parental HEK-293Ts used to construct Scrib KO cells (WT), KO_11 and
KO_28 were seeded at the same cell number in triplicate for each experiment (low
and high MOI). Each cell type also had an additional well seeded for cell counting.
Cell counting showed a similar number of WT and KO cells in each well before
infection, and given that these different cell lines reached confluency with similar
kinetics, this suggested no obvious effect of Scrib KO on HEK-293T cell proliferation.
Similarly, morphological examination of the KO cell lines showed no obvious

difference compared to WT cells.

Once cells had grown to form a monolayer, cells were infected with VACV at 0.01
p.f.u/cell for 48 h or at 5 p.f.u/cell for 24 h. After infection, cells and the supernatant
were frozen and thawed 3 times before titration of infectious virus by plaque assay
on BSC-1 cells. To investigate a role of Scrib in viral replication and to rule out

spread as a contributing factor, cells were infected at 5 p.f.u/cell (MOI = 5) to ensure
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every cell was infected. On the contrary, infecting cells at 0.01 p.f.u/cell (MOI = 0.01),
ensured very few cells (about 1 in 100) would be infected, so any phenotypic
difference could be either caused by changes in virus replication or spread from cell
to cell. Both KO cell lines showed an increased virus yield after infection at low MOI
compared to the parental HEK-293Ts (WT): this was about a 7-fold increase for
KO_11 and a 10-fold increase for KO_28 (Figure 6.4A). In contrast, after high MOI
there were marginal or insignificant differences (Figure 6.4B). At low MOI in KO_11
cell line, the virus titres showed a significant difference, whilst in KO_28 cell line,
although the average virus titres were greater than both WT and KO_11, the
variation among the replicates caused these data not to reach statistical significance
(Figure 6.4A). A repeat experiment showed that the virus titres in KO_28 at low MOI
was significantly higher than WT whilst no difference between KO_11 and WT
(Figure 6.4C). Together, these data suggest that virus titres in Scrib KO cell lines are

higher than WT when cells are infected at low MOI.
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Figure 6.4. VACYV titration on Scrib KO cells lines. Six-well plates were coated
with poly-D-lysine (0.01 mg/ml) for 2 h then washed with PBS 3 times. WT (parental)
HEK-293T cells and Scrib KO cells KO _11 and KO_28 were seeded at the same cell
number in triplicate for each experiment (low and high MOI). Once cells reached a
confluent monolayer, cells were counted and infected with VACV at 0.01 p.f.u/cell for
48 h or at 5 p.f.u/cell for 24 h. After infection, cells and the supernatant were frozen
and thawed 3 times before infectious virus was titrated by plaque assay on BSC-1
cells. Data shown are 2 experiments. Statistical analysis was performed by unpaired
Student’s t-test (** P<0.01) in comparison to WT control.

To investigate further the effect of Scrib on VACV spread, the size of virus plaques
was measured. Monolayers of WT, KO_11 and KO_28 cell lines were infected with a
VACYV strain in which GFP is fused to the late virus capsid protein A5 (VA5-EGFP
(Carter et al., 2003)) so as to give only about 20 plaques in each well of a 6-well
plate. After initial inoculation for 90 min, the inoculum was removed and replaced
with semi-solid overlay (1.5% carboxymethyl cellulose (CMC), in MEM / 2% FBS) to

allow viral spreading through cell-to-cell spread but not through the release of virus
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into the medium. The images of plaques were taken and plaque sizes were
measured 48 h p.i. Compared to WT, the average plaque area on both KO cell lines
was larger (Figure 6.5A & C). The numbers of plaque formed were also counted
(Figure 6.5B). A small difference was observed between WT and KO_28, but KO_11
was not different to WT. Given that the 2 KO cell lines did not give a consistent
phenotype regarding plague number it was not possible to conclude that Scrib is
affecting the number of plaques formed. However, the difference in plaque size was
clear and combined with the data in Figure 6.4, it suggests that loss of Scrib benefits
VACV spread: in other words Scrib is restricting VACV spread by an unknown

mechanism.
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Figure 6.5. VACV plaque assays on Scrib KO cell lines. (A) Six-well plates were
coated with poly-D-lysine (0.01 mg/ml) for 2 h then washed with PBS for 3 times.
The parental HEK-293Ts used to construct Scrib KO cells (WT), KO_11 and KO_28
were seeded in duplicate. Once cells reached a confluent monolayer, cells were
infected with vVASL-EGFP (Carter et al., 2003) at 20 p.f.u/well for 48 h. (B) The
average number of plaques formed on each cell line were counted (n > 10 per
condition). (C) The plaque area of 40 plaques (20 from each monolayer) were
measured. Data shown are representative of 2 experiments. Statistical analysis was
performed by unpaired Student’s t-test (** P<0.01, **** P<0.0001) in comparison to
WT control.

6.3 Loss of Scrib upregulates Smad signalling

VACV CPE has been linked to EMT process, and VACV has been shown to
upregulate an EMT signalling pathway, TGF-$ signalling pathway (more details see
Section 1.2.2). Interestingly, Scrib is required to maintain epithelial polarity which is a
key identity for epithelial cells in comparison to mesenchymal cells. In the mouse,
Scrib prevents EMT and loss of Scrib activates TGF-$ signalling (Yamben et al.,
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2013). Based upon this, it was investigated if loss of Scrib enhanced TGF-f3

signalling, which could be the mechanism for Scrib restricting VACV spread.

6.3.1 VACV activates TGF-@ signalling

In order to confirm that VACYV infection activates TGF-3 signalling (Gowripalan et al.,
2020; McKenzie, 2016), CAGA reporter gene assays were carried out in HaCaT cells
(Figure 6.6). HaCaT is a human keratinocyte cell line that is highly responsive to
TGF-B (Wang et al.,, 2016), and VACV has been shown to cause HaCaT cells
profound morphological changes such as loss of cell-to-cell adhesion (Gowripalan et
al., 2019). The CAGA12-Luc (CAGA) plasmid was derived from the promoter of the
Smad3/4-responsive genes (a kind gift from Professor Caroline Hill, Crick Institute,
London, first described in (Dennler et al., 1998a)), therefore the CAGA-Luc reporter
activity shows the activation of Smad3/4. HaCaT cells were transfected with the
CAGA-Luc reporter plasmid and Renilla control and then infected with VACV for
different times (Figure 6.6A). At 4 h p.i. there was not much difference between
infected and mock-infected cells, but thereafter the activation increased sharply in
the VACV-infected cells. To avoid false positive results caused by contamination with
TGF-B in the unpurified viral stock, HaCaT were transfected with CAGA-Luc and
Renilla reporters for 18 h, before infection with VACV that had been purified by
sucrose density gradient centrifugation for 14 h. Treatment of human TGF-B was
included as a positive control for signal activation (Figure 6.6B). Upon stimulation,
TGF-B treated cells showed an ~80 fold activation of the signalling pathway
compared to mock. Cells infected by VACV and sucrose-purified VACV both showed
an increase in the activation of CAGA reporter compared to mock, and an even
higher activation effect than TGF-B. Immunoblotting for C16 and tubulin of cells

treated in Figure 6.6B was carried out to show the loading and infection level. A
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slightly stronger signal of C16 was shown in the purified-sucrose VACV lane, which
could explain the higher activation of purified VACV than VACV. Together, these
results show VACV activates Smad signalling without needing TGF- stimulation,
and VACV can activate the pathway at a higher level than TGF-3, under certain

conditions, for example, when infecting cells at 5 p.f.u/cell for 14 h (Figure 6.6B).
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Figure 6.6. VACV WR activates TGF-B signalling. (A) HaCaT cells were
transfected with the CAGA reporter and SV40-renilla luciferase for 18 h before being
mock treated or infected with WT VACV at 5 p.f.u/cell for indicated time. (B) HaCaT
cells were transfected with the CAGA reporter and SV40-renilla luciferase for 18 h
before being mock treated, stimulated by TGF-B at 2.5 ng/ml, or infected by WT
VACV or sucrose purified VACV at 5 p.f.u/cell for 14 h. Luciferase activity was
measured in cell lysates. Data shown (mean %+ SD) are representative of 3
experiments carried out in quadruplicate and were analysed by an unpaired
Student’s t-test (*** P<0.001, **** P<0.0001) in comparison to mock control. (C)
Immunoblotting for C16 and tubulin of whole cell lysates treated in (B).
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6.3.2 Loss of Scrib enhances TGF-B stimulated Smad signalling

It was shown that loss of Scrib caused Smad3 and Smad4 accumulation in the
nucleus in mouse models (Yamben et al., 2013). The nuclear translocation of
Smad3/4 after phosphorylation leads to the transcription of Smad-responsive genes
(Figure 1.2). To further investigate the role of Scrib on TGF-B/Smad signalling, WT
HEK-293Ts (WT, the parental cells for Scrib KO cell lines) and Scrib KO cells were
transfected with CAGA-Luc and Renilla-Luc for 18 h before stimulation with TGF-3
for 14 h or left un-treated (Figure 6.7A). No significant difference was observed
between un-treated WT and KO cells. However, upon stimulation, WT showed a ~40
fold activation of Smad signalling compared to un-treated WT, whilst stimulated Scrib
KO showed a ~100 fold activation compared to un-treated KO, 2.5 times higher than
that of WT. Immunoblotting of the cell lysates confirmed the loss of Scrib (Figure
6.7B). This suggests loss of Scrib enhances the activation of TGF-B/Smad signalling
following stimulation. As a control, loss of Scrib did not make a difference in the

activation of NF-kB or IRF3 signalling (Figure 6.8).

To confirm that the enhanced activation of Smad was caused by loss of Scrib but not
by off-target effects, a complementing reporter gene assay was carried out (Figure
6.7C). WT, KO11 and KO28 cells were transfected with EV, or plasmids encoding
Myc-Scrib or Myc-GFP, along with CAGA-Luc and Renilla-Luc, and then were
stimulated with TGF- or left untreated. Consistently, Scrib KO cells showed a higher
activation of CAGA reporter compared to WT, and the levels were similar between
EV and Myc-GFP groups for each cell line. However, when complementing with
Myc-Scrib, both KO cell lines showed a decreased activation after TGF-3 treatment
compared to EV or GFP controls, and the activation returned to levels seen with

stimulated WT-EV controls. Immunoblotting showed the Myc-Scrib/-GFP protein
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levels in the cell lysates (Figure 6.7D). This result shows that complementing Scrib
reverts the enhancement of TGF-B/Smad signalling caused by Scrib KO, hence

ruling out off-target effects.
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Figure 6.7. Loss of Scrib leads to an enhancement of TGF-B-stimulated Smad
signalling. (A) WT HEK-293Ts (the parental cells of Scrib KO) and Scrib KO cells
were transfected with CAGA-Luc and renilla-Luc for 18 h. Cells were then un-treated
or stimulated with TGF-§3 for 14 h. Luciferase activity was measured from cell lysates.
Data shown (mean * SD) are representative of 3 experiments of 2 Scrib KO cell lines
(KO_11 and KO_28) carried out in quadruplicate and were analysed by an unpaired
Student’s t-test (** P<0.01, *** P<0.001, **** P<0.0001) in comparison to
unstimulated controls. (B) Immunoblotting of Scrib and tubulin present in cell lysates
from (A). (C) WT HEK-293Ts, KO_11 and KO_28 were transfected with EV, Myc-
Scrib or Myc-GFP, along with CAGA-Luc and renilla-Luc for 18 h, before being
stimulated with TGF- for 14 h or un-treated (ns). Luciferase activity was measured
from cell lysates. Data shown (mean + SD) are representative of 2 experiments
carried out in quadruplicate and were analysed by an unpaired Student’s t-test (**
P<0.01, *** P<0.001, **** P<0.0001) in comparison to unstimulated EV controls. (D)
Immunoblotting of Myc and tubulin of cell lysates from stimulated KO28 conditions in

(C).
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Figure 6.8. Loss of Scrib does not affect NF-kB or IRF3 signalling. (A) WT and
Scrib KO cells (2 KO clones: 11 and 28) were transfected with the NF-kB-luc reporter
and SV40-Renilla luciferase. Cells were untreated or stimulated with TNFa at 20
ng/ml for 6 h and luciferase activity was measured in cell lysates. (B) WT and Scrib
KO cells were transfected with 1SG56.1-luc reporter and SV40-Renilla luciferase.
Cells were untreated or stimulated by transfecting with 5 ng Flag-RIG-I-CARD for 24
h and luciferase activity was measured in cell lysates. Data shown (mean + SD) are
representative of 3 experiments carried out in quadruplicate and were analysed by
an unpaired Student’s t-test (** P<0.01, *** P<0.001, **** P<0.0001) in comparison to
unstimulated control.

While the luciferase reporter gene assays suggest Scrib KO enhances Smad
signalling, they are not direct evidence of activation of Smad proteins. To investigate
this, WT and Scrib KO cells were seeded, starved for 18 h by incubation in DMEM
and then stimulated with 2 doses of TGF-$ or left untreated. Phosphorylation of
Smad2 and Smad3 were examined by immunoblotting (Figure 6.9). Stimulation of
TGF-B led to the phosphorylation of both Smad2 and Smad3 in WT HEK-293Ts in a
dose-dependent manner. Scrib KO cells displayed a higher degree of Smad2
phosphorylation compared to WT, but not Smad3. Additionally, this result shows
Scrib KO enhances Smad signalling by increasing Smad2 phosphorylation following

stimulation.

130



WT HEK Scrib KO

A
KDa 0 05 1 0 05 1 TGF-Bng/ml
245 = = n a! I Scrib
E B
63 E‘ . — ’g ! W S pSmad2
. : e .
63 L pSmad3

. — .

B
2 61 0wt
o .
> B3 Scrib KO
g 4 .
S 4- -
= h T i
© e E&'
& 2 T o I I
S | = Sl B
% oL ] 2 i | . R .ﬂ_
o 0 0.5 1 TGF-g (ng/mi)

Figure 6.9. Scrib KO increases Smad2 phosphorylation. (A) HEK-293T WT and
Scrib KO28 were seeded into 6-well plates at a density of 6 x 10° cells per well in
DMEM supplemented with 10% FBS. After 24 h, the medium was replaced by
starvation medium (DMEM without FBS) for 18 h before stimulated with TGF-§ at 0,
0.5 or 1 ng/ml in fresh starvation medium for 30 min. Cells were then washed in PBS
and cell lysates were analysed by immunoblotting. (B) Levels of pSmad2 relative to
Smad2/3 as quantified by densitometry. Data shown are representative of 2
independent experiments carried out in 2 Scrib KO cell lines.

Deletion of A55 or C2 prevents VACV-induced degradation of Scrib, so it was
examined if loss of A55 or C2 abolishes Smad-activation by VACV. An infection time
course of VACV and vAASS was carried out in HaCaT cells after transfection with
CAGA-Luc and Renilla-Luc control (Figure 6.10A, B), however no difference in
reporter activity was observed between VACV and vAA55. Recently, VACV was

shown to induce phosphorylation of Smad2 and Smad3 (Gowripalan et al., 2020)
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and loss of Scrib increases Smad2 phosphorylation after TGF- stimulation (Figure
6.9). Therefore the phosphorylation of Smad2 or Smad3 was examined following
infection by WT VACV or vAAS55 (Figure 6.10C). HEK-293Ts were seeded and
starved Dbefore infection. Compared to mock, VACV increased Smad2
phosphorylation 14 h p.i. and Smad3 phosphorylation 8 h p.i., but this was not
altered by loss of A55. Although the infection loadings were not exactly equal
between two viruses, the phenotype observed here did not change in repeat

experiments.
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Figure 6.10. Loss of A55 does not change the effect of VACV on CAGA-Luc or
phosphorylation of Smad2 and Smad3. (A) HaCaT cells were transfected with the
CAGA reporter and SV40-Renilla luciferase for 18 h before being mock treated or
infected with WT VACV or vAA55 at 5 p.f.u/cell for indicated time. Data shown (mean
+ SD) are representative of 3 experiments carried out in quadruplicate and were
analysed by an unpaired Student’s t-test (** P<0.01, *** P<0.001, **** P<0.0001) in
comparison to mock control. (B) Immunoblotting of C16 and tubulin for whole cell
lysates treated in (A). (C) HEK-293Ts were seeded into 6-well plates at a density of
6 x 10° cells per well in DMEM supplemented with 10% FBS. After 24 h, the
medium was replaced by starvation medium (DMEM with 1% FBS) for 18 h before
cells were infected WT VACV or vAAS5 at 5 p.fu/cell for indicated time.
Phosphorylated Smad2 and Smad3 were probed by SDS-PAGE and immunoblotting.
Data shown are representative of 2 experiments.
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As CAGA-Luc is a common Smad responder, and Smad2 and Smad3 are TGF-3
activated R-Smads, it was tested if loss of A55 or C2 changed the activation of BRE-
Luc, which contains BMP-responsive elements that are activated by Smad1/5
specifically (Daly et al., 2008; Korchynskyi and ten Dijke, 2002). HaCaT cells were
transfected with the BRE reporter and SV40-Renilla Luc for 18 h before infection with
WT VACV / vAA55 / vAC2 at 5 p.f.u/cell for 4, 8, or 14 h. At 8 h p.i., vAA55 and vAC2
infected cells showed a lower activation level of BRE-Luc compared to WT VACV,
whilst at 14 h p.i., vAASS infected cells caught up with VACV, but vAC2-infected cells
still showed a lower level of BRE-Luc, i.e. Smad1/5 reporter activity (Figure 6.11).
The difference between vAA55 and vAC2 could be that in the absence of A55, Scrib
still associates with C2, which might affect Smad1/5 signalling. Notably the infection
loading for both 8 and 14 h infection was not perfectly equal among 3 viruses,
especially for vAC2. However, VACV and vAAS55 had a similar infection level, but
showed a difference at 8 h p.i. It is difficult to draw conclusions based on these data
due to the difficulty of getting the equal infection loading in these assays. However,
the same difference was not seen in other Smad reporter assays such as CAGA,
which was carried out at the same time using the same virus stock. In summary,
although these assays provide possibilities that losing A55 or C2 might regulate
Smad1 or Smad5, more repeats should be carried out to optimise the infection

loading to draw any conclusion.
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Figure 6.11. Loss of A55 or C2 may change Smad1/5 activation by VACV. (A, C)
HaCaT cells were transfected with the BRE-lucreporter and SV40-renilla luciferase
for 18 h before cells were mock treated or infected with WT VACV, vAA55 or vAC2
at 5 p.f.u/cell for indicated time. Data shown (mean + SD) are representative of 2
experiments carried out in quadruplicate and were analysed by an unpaired
Student’s t-test (*** P<0.001, **** P<0.0001) in comparison to mock control. (B)
Immunoblotting of C16 and tubulin for whole cell lysates treated in (A). (D)
Immunoblotting of C16 and tubulin for whole cell lysates of 14 h p.i. group in (C).

Taken together, these data suggest that VACV activates Smad signalling and loss of
Scrib enhances the activation of TGF-B stimulated Smad signalling by unknown
mechanisms. As VACV degrades Scrib, it is possible that VACV activates the
pathway by targeting Scrib or at least loss of Scrib would contribute to this.
Interestingly, the kinetics of VACV-induced activation of Smad signalling matches the
kinetics of VACV-induced Scrib degradation. VACV showed a sharp increase in
Smad signal after 8 h p.i., and Scrib was mostly degraded after 8-9 h p.i. (Figure 5.1
and Figure 5.3). Loss of Smad4 was shown to attenuate VACV spread and VACV-

induced cell motility (Gowripalan et al., 2020). Therefore, VACV might target Scrib to
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enhance the activation of Smad signalling, and the latter promotes VACV spread by
increasing VACV-induced cell motility. Although vAA55 or vAC2 did not abolish the
activation of common Smad responder CAGA-Luc induced by VACV and Scrib KO
cells, other viral proteins might play a role in the regulation of Smad signalling, or this
might be due to the KO cells having no Scrib at all, whilst infected cells only lose
Scrib over a time course (8-12 h p.i.), and loss of A55 or C2 might regulate Smad1/5

activity specifically during infection.

Scrib has also been reported to positively regulate the Hippo pathway kinases. In
mammals, Hippo signalling regulates cell contact inhibition, organ size, cell
proliferation, apoptosis and cancer development (Angus et al., 2012). Upon
upstream signals, MST1/2 is phosphorylated, and this causes phosphorylation of
Lats1/2. Once activated, Lats1/2 phosphorylates YAP/TAZ and promotes their
interaction with 14-3-3, which results in cytoplasmic retention or degradation
following ubiquitylaton by B-TrCP and proteosomal degradation (Zhao et al., 2010).
When dephosphorylated, YAP/TAZ can enter the nucleus. Without intrinsic DNA-
binding domains, YAP/TAZ binds to the promoter of target genes by interacting with
DNA-binding transcription factors (Yu and Guan, 2013). These include TEAD1-4,
which regulate genes involved in cell proliferation and cell death (Vassilev et al.,
2001), and also other transcription factors such as Smad1 (Alarcén et al., 2009),

Smad2/3 (Varelas et al., 2008) and Smad7 (Ferrigno et al., 2002).

Numerous upstream regulators have been identified for the Hippo pathway, and
many of them are known components of tight junctions, adherence junctions or
apical-basal polarity protein complexes, such as Scrib (Yu and Guan, 2013). Down-
regulation of Scrib leads to YAP/TAZ activation (Chen et al., 2012; Cordenonsi et al.,

2011). In epithelial cells, as the cell-polarity determinant, Scrib localises at the cell
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membrane at cell contact areas and forms a complex with TAZ. Loss or
delocalisation of Scrib, or induction of the EMT, disrupts the inhibitory association of

TAZ with the core Hippo kinases MST and Lats (Cordenonsi et al., 2011).

Given those reported roles of Scrib in the Hippo signalling pathway, it was
investigated if VACV infection or loss of Scrib showed an effect in the regulation of
Hippo signalling. For this purpose, the localisation of YAP/TAZ, phosphorylation of
YAP/TAZ and YAP/TAZ-responsive genes at transcriptional levels were investigated.
Preliminary data showed that infection of cells at low cell density by vAC2 caused a
slight cytoplasmic retention of YAP compared to mock infection, which could be that
when Scrib is present (vAC2), YAP could form a complex with Scrib in the cytoplasm.
In addition, Two well-characterised YAP responsive genes CYR67 and ATF3 (Choi
et al., 2015; Plouffe et al., 2018) were found upregulated by VACV at transcriptional
levels, and loss of A55 or C2 diminished the upregulation. These data show that
VACYV activates the transcription of CYR67 and ATF3 dependent on the presence of
A55 or C2. However, these data do not establish a direct link between VACV
infection and the activation of Hippo/YAP because these two genes are not only
regulated by YAP/TAZ. ATF3 has also been shown as a direct transcription target of
TGF-B (Kang et al., 2003), and CYR617 can be induced by growth factors, protein
kinase C (PKC), cAMP and Ca?* (O'Brien et al., 1990). Interestingly, studies have
shown that loss of Scrib induces ATF3 expression (Donohoe et al., 2018), and ATF3
associates with Smad3 (Kang et al., 2003). Further studies should be carried out to

investigate the direct links among VACV, Scrib and TGF-B/Hippo signalling.
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7 Results 5 - C2 is a potential Cdc42 activator

7.1 C2 associates with Cdc42

Previously, it was shown that loss of C2 induces changes in plaque morphology and
cellular projections during VACV infection (Pires de Miranda et al., 2003). To
investigate the mechanism and cellular targets of C2, stable isotopic labelling in cell
culture (SILAC) and mass spectrometry analysis was carried out in an inducible C2
cell line, and identified Cdc42 (cell division control protein 42) as a potential binding
partner of C2 (unpublished data by Carlos Maluquer de Motes & Laura Gonzales,
data analysed by Ed Emmot). Human Cdc42 is a plasma membrane-associated
small GTPase of the Rho family, which cycles between an active GTP-bound and an
inactive GDP-bound state (Qadir et al., 2015). Cdc42 is characterised to regulate cell
signalling involved in cell morphology, migration, endocytosis and cell cycle
progression. This is interesting as the association between Cdc42 and C2 might
explain the morphology change in vAC2-infected plaques (Pires de Miranda et al.,
2003). In addition, although not essential, Cdc42 enhances VACV-induced actin
polymerisation by stabilising the essential N-WASP protein in stimulating Arp2/3-
mediated actin polymerisation and hence promotes actin tail formation (Humphries et

al., 2014).

To validate the association between C2 and Cdc42, HEK-293Ts were co-transfected
with TAP-tagged C2, the BTB and Kelch domains of C2, A55, together with Myc-
tagged Cdc42 or hASC (human apoptosis-associated speck-like protein containing a
CARD) as the negative control. hASC was chosen as the negative control because it
has a similar mass to Cdc42 and a plasmid encoding a Myc-tagged version was

available in our lab. After Flag-IP, Flag-C2 was enriched at similar levels to Flag-A55,
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and Myc-Cdc42 co-IPed with C2 but not with A55 (Figure 7.1). As a negative control
hASC was not co-IPed by either C2 or A55. Interestingly, Cdc42 was co-IPed by the
BTB domain of C2 but not the Kelch domain (Figure 7.1), despite the fact that the
Kelch domain is usually recognised as the substrate adaptor of the BTB-Kelch
protein. The C2-BTB domain therefore interacts with both the A55-BTB domain and
Cdc42, whereas the C2-Kelch domain interacts with hScrib, although whether any of
these interactions are direct, or via other proteins, is unknown. The association
between C2 and Cdc42 via the C2-BTB domain is interesting because
overexpression of C2 or C2-BTB, but not C2-Kelch, altered cell morphology and

induced cell rounding (Figure 3.9A). This hints that there may be a functional link

between this interaction and this morphology change.
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Figure 7.1. Flag-C2 co-IPs Myc-Cdc42 via the C2-BTB domain. HEK-293Ts were
co-transfected with TAP-tagged A55, C2, C2-B or C2-K together with Myc-tagged
Cdc42 or hASC for 16 h. Cells were then lysed in 0.5% NP-40/PBS followed by Flag-
tagged IP of cleared lysates. Co-IP of Myc was probed with an anti-Myc antibody.
Molecular masses (in kDa) are indicated on the left. Data shown are representative
of 3 experiments.
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7.2 C2is a potential Cdc42 activator

Next it was investigated if C2 affects the activity of Cdc42. The Rac/Cdc42 (p21)
binding domain (PBD) of human p21 activated kinase 1 protein (PAK) binds
specifically the GTP-bound, but not GDP-bound Cdc42. Therefore, this domain can
be used to specifically precipitate active, GTP-bound Cdc42 (Scott et al., 2002). The
PBD protein was expressed as a GST-fusion protein in E. coli, and was purified by
binding to a glutathione resin. This resin containing the PBD of PAK was then used
to bind the active form of Cdc42 from the mammalian cell lysates (Etienne-
Manneville and Hall, 2001; Osmani et al., 2006). To investigate the activity of Cdc42
during VACYV infection and whether C2 affects this, HEK-293Ts were mock-treated
or infected with VACV (vC2) or vAC2 for 8 and 14 h. Cells were then lysed in RIPA
buffer and cleared lysates were incubated with the GST-PBD beads for 45 min at
4 °C. Affinity-purified GTP-bound Cdc42 (IP lane, right) and total Cdc42 (INPUT lane,
left) were eluted with SDS-sample buffer and analysed by immunoblotting. Eluted
GST (IP) showed similar levels of GST-PBD protein across different groups. Active
Cdc42 was enriched in WT VACV-infected cells (vC2) and loss of C2 (vAC2)
impaired the activation of Cdc42 (Figure 7.2A). Although in this figure Cdc42 was
activated more at 8 h than 14 h p.i., this pattern was not observed consistently, and
in a repeat experiment active Cdc42 was again increased following WT VACV
infection, but not by vAC2 and active cdc42 was observed at 14 h p.i. These data
suggest Cdc42 is activated by VACV, and C2 contributes to this activation, because

in its absence Cdc42 is less or not activated.

To investigate whether C2 regulates the activity of Cdc42 by preferably associating
with the active or inactive form of Cdc42, the interaction of C2 with the dominant
positive (D/P) or the dominant negative form (D/N) of Cdc42 was investigated. The
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D/P form of Cdc42 (Cdc42%'L) contains a glutamine to leucine substitution at
residue 61, leading to decreased intrinsic GTPase activity of Cdc42, thereby shifting
the mutant protein to an “activated” GTP-bound state (constitutively active) (Ziman et
al., 1991). The D/N form of the Cdc42 protein (Cdc42™'"N) contains a threonine to
asparagine substitution at residue 17. The asparagine substitution abolishes the
protein's affinity for GTP and reduces its affinity for GDP (constitutively inactive) (Luo
et al., 1994). HEK-293Ts were co-transfected with TAP-tagged C2 and Myc-tagged
Cdc42 (wild type and the two mutants). Cells were lysed in 0.5% NP-40/PBS
followed by Flag-IP (Figure 7.2B). Consistently, although WT Myc-Cdc42 was co-
IPed by Flag-C2, neither the D/P (constitutively active) nor D/N (constitutively
inactive) form of Myc-Cdc42 was co-IPed by C2. The conclusion that C2 does not IP
with these cdc42 mutants needs confirmation by further experiments, particularly as
the level of C2 obtained by transfection, and immunoprecipitated, was quite variable.
It would be useful to investigate if these mutant proteins interacted with C2 during
viral infection, or when C2 was expressed in cell lines. Given that these mutant
constructs were artificially made, they would provide limited insights of how C2
modulates the activity of Cdc42 under natural circumstances anyways. Taken
together, these data show that C2 activates Cdc42 during infection, but as C2 may
not associate with D/P or D/N Cdc42, it is unclear if C2 associates preferably with
the active or inactive state of Cdc42. The mechanism of C2 activating Cdc42

remains to be investigated.
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Figure 7.2. C2 is a potential Cdc42 activator. (A) HEK-293Ts were mock-treated
(mk) or infected by vC2 or vAC2 at 5 p.f.u/cell for indicated time. Cells were then
lysed in RIPA buffer and cleared lysates were incubated with the GST-PBD beads
for 45 min at 4 °C. Affinity-purified GTP-bound Cdc42 (IP lane, right) and total Cdc42
(INPUT lane, left) were analysed by immunoblotting. Cdc42 was probed with an
endogenous anti-Cdc42 antibody. (B) HEK-293Ts were co-transfected with TAP-
tagged C2 and Myc-tagged WT Cdc42 or dominant positive Cdc42 (D/P) or
dominant negative (D/N) mutants of Cdc42 (D/N). Cells were lysed in 0.5% NP-
40/PBS followed by Flag-IP of cleared lysates. Co-IP of Cdc42 was probed with an
anti-Myc antibody. Molecular masses (in kDa) are indicated on the left. Data shown
are representative of 2 independent experiments.

7.3 Loss of Cdc42 does not affect Scrib degradation by VACV

Scrib has been shown to regulate the activity and the effectors of Cdc42. For
example, Scrib interacts with BPIX, which bridges Scrib to Cdc42 effector PAK, and
Scrib is required for the correct localisation of BPIX and PAK at the leading edge of
motile epithelial cells (Nola et al., 2008). Therefore, it was possible that Cdc42 might
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be required for VACV to degrade Scrib and this was investigated in Cdc42 KO cells.
Hap WT and Hap Cdc42 KO cells were mock-treated or infected with vC2, and
cleared lysates were analysed by immunoblotting (Figure 7.3). Scrib was degraded
after infection of both WT Hap cells and Cdc42 KO cells compared to uninfected
cells, and therefore Cdc42 is not required for the degradation of Scrib by VACV

proteins A55 and C2. It remains to be investigated if Cdc42 localises differently in

Scrib KO cells.
WT ACdc42
kDa mock vC2 mock vC2
245 Scrib
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Figure 7.3. Loss of Cdc42 does not affect Scrib degradation by VACV. Hap WT
or Hap Cdc42 KO cells were mock-treated or infected with vC2 at 5 p.f.u/cell for 14 h.
Cleared lysates were harvested and analysed by immunoblotting. Molecular masses
(in kDa) are indicated on the left. Data shown are representative of 2 independent
experiments.

In summary, C2 associates with Cdc42 via the C2-BTB domain, and it activates
Cdc42 during infection by an unknown mechanism. Although there is a link between
Scrib and Cdc42 in cells, and they are both co-precipitated by VACV protein C2,
Cdc42 is not required for A55 and C2 to degrade Scrib. The effect of Scrib on the

localisation of Cdc42 remains to be studied. It should also be further investigated
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whether Cdc42 and/or Scrib are needed for the plaque morphology effect caused by

C2 by using Cdc42 / Scrib KO cell lines.
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8 Discussion

VACYV has been a valuable tool to study the host immune response to virus infection,
the host-virus interaction and how the virus manipulates the host’s immune system
to aid virus survival and transmission. A better understanding of the virulence and
immunomodulatory function of VACV also helps to develop safer and more effective
vaccines against both infectious diseases and tumours. VACV has been found to
encode a plethora of immunomodulatory proteins (Smith et al., 2013), among which
only three proteins with a BTB-Kelch structure were found, which are A55, C2 and
F3. Proteins containing BTB and Kelch domains function as adapters for the Cul3-
based ubiquitylation system. In theory, a BTB-Kelch protein interacts with Cul3 via its
BTB domain and substrates via its Kelch domain, leading to the ubiquitylation,
modification or degradation of substrates. Although non-essential for viral replication,
these three BTB/BACK-Kelch (BBK) proteins of VACV A55, C2 and F3 do affect
lesion sizes in intradermal murine models, either resulting in larger lesion size when
infected with viruses lacking A55 or C2, or smaller lesion size when lacking F3
compared to WT VACV infection. Viruses lacking any one of these three BBK
proteins also increased inflammatory cells infiltration in lesions, suggesting an anti-
inflammatory effect of these proteins during VACV infection. Moreover, deleting
AS85R or C2L also causes different plaque morphology and cytopathic effect in
cultured cells (Beard et al., 2006; Froggatt et al., 2007; Pires de Miranda et al., 2003).
The objectives of this study were to investigate the mechanisms by which VACV
BBK proteins inhibit the host’s inflammatory response to VACV infection, whether
these BBK proteins associate with Cul3 and how the interaction with Cul3 fits the
phenotypes caused by these proteins, and to identify the cellular substrates of A55,

C2 and/or F3 and the outcomes of targeting these substrates.
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8.1 A55, C2 and F3 are inhibitors of NF-kB pathway

Virus PAMPs are recognised by PRRs that then activate innate immune signalling
pathways leading to the activation of transcription factors such as NF-kB, AP-1, IRF3
and IRF7. These translocate into the nucleus and promote expression of pro-
inflammatory molecules including cytokines, chemokines and type | IFNs that
activate and recruit immune cells to the infection sites (section 1.2.1). VACV inhibits
the IFN response at multiple stages, including inhibiting IFN production, preventing
the engagement of IFN receptors by IFNs, blocking the signal transduction induced
by IFN-receptor engagement, and inhibiting the antiviral effect of IFN-induced
proteins. The induction of IFN expression requires activation of intracellular signalling
pathways that lead to IRF3 or NF-kB activation, and VACV expresses numerous
proteins to inhibit these pathways. For instance, there are several VACV proteins
that influence IRF-3 activation (section 1.2.1.2) and 16 VACV proteins have been
identified to inhibit NF-kB signalling pathway at different levels (section 1.2.1.1).
Furthermore, the ECTV orthologue of A55, ECTV EVM150, was reported to inhibit
NF-kB signalling (Wang et al., 2014). Therefore, this study first investigated whether
VACV BBK proteins A55, C2 and F3 affect activation of the NF-kB signalling

pathway.

Reporter gene assays measuring the activity of a NF-kB-luciferase reporter showed
that all three VACV BBK proteins inhibit NF-kB signalling pathway (Figure 3.3). Each
of these proteins inhibited the pathway induced by IL-13, TNFa, TRAF2 or TRAFG,
suggesting each protein inhibits at a position at or downstream of where the IL-1(3
and TNFa pathways converge. This inhibitory effect of A55, C2 or F3 was further
validated by alternative assays including RT-gPCR and ELISA to measure the

expression of endogenous NF-kB-responsive genes at the transcriptional and
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secreted protein levels. In these assays, all three BBK proteins inhibited the
transcription of /L-8 and the secretion of IL-8 (Figure 3.5). Together these data
showed A55, C2 and F3 inhibit NF-kB signalling pathway at or downstream of where

IL-1B and TNFa-induced signalling pathways converge.

Typically the BTB domain and the Kelch domain have different biological functions,
with the BTB domain interacting with Cul3 whilst the Kelch domain binds different
substrates. An understanding of which domain is responsible for the inhibition of NF-
kB signalling may therefore shed a light on the mechanism by which these proteins
inhibit the pathway. Reporter gene assays, RT-gPCR and ELISA showed that both
the BTB-BACK and the Kelch domains of C2 inhibited the pathway activity
independently, although neither domain alone was as potent as the full length protein.
In contrast, for AS5 and F3, it is the Kelch domain that inhibits the pathway but not
the BTB domain (Figure 3.6) (Pallett et al., 2019). Notably, the ECTV orthologue of
A55, EVM150, was reported to inhibit NF-kB via its BTB domain. whereas EVM150-
Kelch did not show inhibitory activity (Wang et al., 2014). VACV A55 and EVM150
share 93 % amino acid identity. Nonetheless, the observed difference might be due
to the slightly different sequences of these BBK proteins, or alternatively different
expression levels of the BTB and the Kelch domains when expressed separately.
Another difference was the precise domains of A55 and EVM150 that were
expressed. A55 and C2 were divided into BTB/BACK and Kelch domains, so that
A55-B and C2-B contain both the BTB and the BACK domains. In contrast, neither
EVM150-B nor EVM150-K included the BACK domain. In addition, A55-B or C2-B
expressed at higher levels than A55-K or C2-K, when the same amount of DNA was
transfected for both domains, and this was adjusted to give equivalent expression

levels for reporter gene assays by decreasing the amount of BTB plasmids
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transfected. Another explanation for the difference between A55 and EVM150
discussed by (Pallett et al., 2019) is that the inhibitory activity of A55-B may be due
to the toxic effects on the cell caused by overexpression of the BTB domain.
EVM150 inhibits NF-kB activation independent of its interaction with Cul3 (Wang et
al., 2014). The fact that the Kelch domains of A55, C2 and F3 inhibit the pathway
suggests that VACV BBKs inhibit NF-kB activation independent of their interaction

with Cul3 as well.

To narrow down where the BBK proteins inhibit the pathway, the NF-kB-luciferase
activity was measured when the pathway was activated by over-expression of
TAB1/TAK1, IKKB or p65. BBKs inhibited the pathway when it was activated by
TAK1/TAB1, IKKB, or p65 in a dose-dependent manner (Figure 3.7), suggesting
these proteins inhibit the pathway at or downstream of p65. This was consistent with
the observation that the BBKs did not prevent the degradation of IkBa (Figure 3.8).
Further, immunofluorescence showed that BBKs inhibited p65 nuclear translocation
(Figure 3.9). This was a partial inhibitory effect (~50% inhibition by A55 and C2, 80%
for F3), but was consistent with the inhibition observed in other assays. Notably C2
and C2-B induced cell rounding, making the data collection less certain. However,
cells expressing C2-K were not affected and still showed inhibition of p65 nuclear
translocation. Alternative assays that are less affected by the cell morphology such
as cytoplasmic-nuclear fractionation assay could be carried out in the future to obtain

independent data on the effect of C2 and C2-B on p65 nuclear translocation.

It was also shown that ectopic C2 does not associate with Cul3 (Figure 3.10A).
Notably full length C2 as well as the BTB or Kelch domains of C2 inhibit the NF-kB
signalling pathway. Together these data show that C2 inhibits the NF-kB signalling

pathway independent of Cul3 binding, consistent with the observations for A55
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(Pallett et al., 2019) and EVM150 (Wang et al., 2014) that AS5 and EVM150 inhibit
NF-kB activation independent of their interaction with Cul3. A55 impairs p65
translocation into the nucleus by associating with importin a-1 (KPNA2) and thereby
diminishing its interaction with p65 (Pallett et al., 2019). C2 however, did not co-IP

endogenous KPNAZ2 (Figure 3.10B).

In summary, VACV BBKs A55, C2 and F3 inhibit NF-kB signalling pathway by
diminishing p65 nuclear translocation, among which A55 competitively associates
with KPNA2 and impairs the interaction between KPNA2 and p65, hence negatively
affects p65 import into the nucleus. These data are consistent to the EVM150 work,
where EVM150 was shown to inhibit the NF-kB luciferase activity in response to IL-
18 and TNFa by preventing p65 nuclear translocation without affecting IkBa levels
(Wang et al., 2014). All three BBKSs are very likely to inhibit the pathway independent
of Cul3 binding, because: 1) both BTB and Kelch domains of C2, and the Kelch
domain of A55 and F3 inhibit the pathway, and 2) C2, A55-K or F3-K does not
interact with Cul3. However, all these assays were performed with BBKs
overexpressed outside of the context of infection, and an association with Cul3 might
still affect NF-kB signalling during infection. Pharmacological inhibitors of Cul3 or

knocking down Cul3 could help provide further evidence.

The mechanisms by which C2 or F3 inhibit the pathway are still unknown. In a
steady-state condition, IkBa masks entirely the nuclear translocation signal of p65.
Once the pathway is activated and IkBa is degraded, p65 shuttles between the
nucleus and cytoplasm, in a manner that is tightly controlled by importins (KPN
karyopherin) and exportins (Giridharan and Srinivasan, 2018). Importin a1 (KPNAZ2),
importin a3-5 (KPNA4, 3, 1), importin 1 (KPNB1), importin 8 (IPO8), exportin CRM1

(XPO1) and XPO7 are all involved in the nuclear import of p65, among which KPNA2
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binds to p65 and plays a major role (Liang et al., 2013b). Unlike A55, C2 was found
not to associate with KPNA2 under the conditions tested. Further |IPs could be
attempted by overexpressing KPNAZ2 in case the interaction between C2 and KPNA2
is too weak to detect at an endogenous level. It could also be investigated whether
C2 or F3 associates with other importins or exportins that regulate p65 nuclear

translocation.

In addition to NF-kB signalling pathway, other innate immune signalling pathways in
response to VACV infection including AP-1, JAK/STAT and IRF3 signalling should
also be investigated about whether VACV BBKs regulate these pathways, both in or
out of the context of infection. Preliminary data suggest that C2, but not A55 or F3,

may upregulate AP-1 activation.

8.2 C2 associates with Cul3 when Ab5 is present

A key question to answer when working with BTB proteins is whether the target
protein interacts with Cul3 and the consequences of this interaction. The ECTV
homologues of C2 and F3, EVM018 and EVMO027, associate with Cul3 during
infection but do not when expressed ectopically (Couturier, 2009a; Wilton et al.,
2008a). In contrast, A55 interacts with Cul3 directly. The co-crystal structure of the
A55-BTB-BACK domain (A55BB) and Cul3 N-terminal domain was determined,
revealing a 2:2 complex in solution. Surprisingly, AS5BB binds to Cul3 much more
tightly than do cellular BTB proteins such as KLHL3, suggesting A55 could be an
effective competitor for the interaction of Cul3 and its cellular binding partners (Gao
et al.,, 2019). VACV BBKs share high amino acid identity with their orthopoxvirus
BBK orthologues (> 90%, Table 3.2) but share low sequence identity with each other

(~ 20%, Table 3.1) and most of the Cul3-binding residues of A55, including the
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residues in the @X(D/E) motif and the adjacent lle-48 residue, are not conserved in
C2 or F3, suggesting that C2 and F3 are unlikely to interact with Cul3 (Gao et al.,
2019). This observation is consistent with the data in this study that ectopically

expressed C2 does not associate with Cul3 (Figure 3.10A).

When investigating the interaction between C2 and Cul3, it was difficult to detect C2
by immunoblotting. The technical problem of visualising C2 using immunoblotting
was first solved by not boiling the proteins samples before loading onto the
polyacrylamide gel (Figure 4.1). The reason that not boiling improves C2
visualisation by immunoblotting is unknown, possibly due to protein aggregation by
overheating. Consistent with EVM018, C2 co-IPs Cul3 during infection (Figure 4.2)
but C2 expressed ectopically does not (Figure 3.10A). Although C2 co-IPed with
Cul3 during infection, this interaction was lost when cells were infected with VACV
strains lacking A55 (Figure 4.3), indicating that C2 requires the presence of A55 to
associate with Cul3. In addition, other viral factors are not needed for C2-Cul3
association, because co-expression of A55 with C2, but not other viral protein
controls such as C6 or B14, enabled C2 to co-IP Cul3 outside the context of infection.
The same experiments also showed that A55 and C2 associate with each other
(Figure 4.4). Data also suggest that A55 and C2 associate with each other both via
their BTB domains to form heterodimers (Figure 4.5). This is interesting because the
N-terminal dimerisation helix of the BTB domain seems to be missing in C2,
suggesting that C2 may not be able to form homo- or heterodimers via the same
mechanism as most BTB-Kelch proteins, such as A55 (Gao et al., 2019). C2 may
interact with AS5 via non-conventional binding sites, or indirectly via additional
cellular binding partners. Experiments were attempted to determine whether C2

interacts with A55 directly, however unfortunately sufficient purified C2 protein could
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not be obtained for in vitro binding experiments. Notably F3, F3-B and F3-K did not
co-IP with Cul3 or A55 (Figure 4.5A), which is consistent with the findings by (Gao et

al., 2019) that the Cul3-binding residues are absent in F3.

Taken together, this study shows that C2 associates with Cul3 via A55, which
interacts with Cul3 directly and with high affinity. A hypothesis is that in this complex
formed by AS55, Cul3 and C2, A55 binds Cul3 via its BTB domain, whilst C2 brings in
substrates potentially via its Kelch domain, leading to the ubiquitylation of substrates
followed by protein degradation or modification. A55 as a BBK protein should still
have its ability to bring in substrates as well. The next step would be to test the
hypothesis of this working model and to identify novel viral BBKs substrates, hence

an unbiased TMT-Mass spec was carried out.

8.3 A55 and C2 collaborate to target cellular proteins for degradation

An unbiased quantitative temporal viromic analysis of VACV infection was performed
by others (Soday et al., 2019). HFFFs were infected by WT VACV or by viruses
lacking individual viral genes for 12 h (Soday et al., 2019). The aim of this study was
to identify the cellular proteins targeted by VACV and to identify the VACV gene(s)
that are responsible for the alteration in abundance of each cellular protein, by
comparing protein levels when cells were infected by WT VACV or virus strains
lacking specific VACV genes. About 9000 cellular proteins and ~80% of the viral
proteins were quantified at seven time points during VACV infection. Notably 265
cellular proteins are downregulated more than 2-fold compared to mock-infected
cells, and 70% of these viral targets were downregulated by proteasomal
degradation. With several VACV mutants lacking an individual gene, there was a

specific alteration in the abundance of one or more cellular protein. For example,
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HDAC4 and HDACS were shown to be degraded in a proteasome-dependent way

that was dependent upon VACYV protein C6 (Lu et al., 2019; Soday et al., 2019).

The same study identified three cellular proteins Fer, Scrib and RASA2 that are
targeted by A55 and C2 collaboratively (Figure 5.1). The levels of Fer, Scrib and
RASA2 in WT VACV-infected cells dropped to less than half of those in mock
infected cells. The presence of cytosine arabinoside (AraC), a drug that interferes
with DNA synthesis, does not alter the downregulation of these three proteins by
VACV, suggesting that early genes are sufficient and intermediate or late viral gene
products are not needed. To identify the specific viral genes that downregulate these
proteins, cells were infected with WT VACV or viruses lacking individual genes
including A55, C2, F3, C16, C4, A40 and A56. Interestingly, the protein levels of Fer,
Scrib or RASA2 were rescued when infecting cells with vAC2 or vAA55 compared to
WT VACV, and other mutant viruses showed a consistent flat line the same as WT.
This indicated that both A55 and C2, but not other tested VACYV proteins, are needed
for VACV to downregulate these three proteins. This also shows that F3 is not
necessary for A55 and C2 to collaboratively target cellular proteins. Notably cellular
proteins targeted by a single VACV BBK protein were also identified in this study.
For example, FRMDG6 is solely targeted by A55 but not C2. This initial screen
suggested a few hits targeted by C2 or F3, however there is no obvious difference
when carefully comparing the protein abundance in the vAC2 or vAF3 group with WT
or other mutant viruses. It could be that C2 or F3 do not interact with Cul3 directly,
hence it is unlikely for them to degrade cellular proteins without the aid of A55, which

supports the model above.

The viromic data was validated by immunoblotting. Consistent with the viromic data,

the level of Scrib in HEK-293T cells was decreased after infection with WT VACV.
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Adding MG132, a proteasome inhibitor, prevented VACV-induced Scrib
downregulation, suggesting that this downregulation is proteasome dependent
(Figure 5.3). Viruses lacking C2 or A55 did not induce Scrib degradation (Figure
5.4A), indicating both A55 and C2 are needed for Scrib degradation. A virus lacking
both C2 and AS55 resulted in similar levels of Scrib to infection with viruses lacking
either A55 or C2 (Figure 5.4B), which showed that loss of either has the same
outcome as loss of both. Immunoblotting also validated that FRMDG6 is
downregulated by WT VACV but not by vAASS5 (Figure 5.4C), indicating that FRMDG6
is targeted by A55 but not C2. Together these immunoblotting data validated the
viromic data : 1) Scrib and FRMD6 are targeted by VACV; 2) Scrib degradation by
VACV is proteasome dependent; 3) VACV needs both A55 and C2 to degrade Scrib;
4) FRMDG is targeted by A55 but not C2, proving that A55 and/or C2 target cellular

proteins collaboratively or independently.

It was then investigated whether AS5 and C2 are the only viral factors responsible for
Scrib degradation. HEK-293T cell lines that inducibly expresses A55, C2 or both A55
and C2 were constructed. The cell lysates of these inducible cell lines were analysed
by immunoblotting. Scrib was clearly visible in cell lines expressing only A55 or C2,
but was not detected in the cell line expressing both A55 and C2 (Figure 5.5). These
assays show that A55 and C2 are sufficient to degrade Scrib in the absence of other
viral factors, yet it cannot be ruled out at this stage whether other cellular factors are

contributing to Scrib degradation induced by A55 and C2.

The working model of A55 and C2 target cellular proteins collaboratively is based on
the fact that A55 binds Cul3 directly leading to the degradation of substrate proteins
that are recruited to the complex by C2 (Figure 4.7). To test this, whether the

degradation of Scrib requires the interaction between A55 and Cul3 needs to be
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determined. Both ITC (Gao et al., 2019) and immunoblotting (Figure 5.6) show that
the A55 148E mutation greatly reduces the binding of A55 to Cul3, therefore a mutant
VACV containing the same mutation named vI48E was constructed by inserting
Ab5R containing 148E mutation into VAASS (Figure 5.7). When HEK-293Ts were
infected with this mutant virus, Scrib or FRMD6 were no longer degraded compared
to WT, indicating that the degradation of Scrib and FRMDG6 requires the interaction
between A55 and Cul3. It was then found that ectopic Myc-tagged Scrib was co-IPed
by TAP-tagged C2 but not A55, F3 or C6 (Figure 5.9), showing that Scrib is indeed

recruited by C2 as the substrate, although it is unknown whether directly or indirectly.

Collectively, A55 and/or C2 target cellular proteins collaboratively (Fer, Scrib and
RASA2) or independently (FRMD6 by AS55). The unbiased quantitative temporal
viromic analysis identified the targets, and the degradation of Scrib and
downregulation of FRMD6 by VACV was validated by immunoblotting. The
degradation of Scrib requires the interaction between A55 and Cul3 whilst C2
associates with Scrib (Figure 5.10). It would be interesting to know whether C2
interacts with Scrib directly and if not, what the other binding partners are in this
complex, and whether the existence of those binding partners is necessary for Scrib
degradation by VACV. It is also unclear whether Scrib associates with the BTB or the
Kelch domain of C2. Hypothetically, the Kelch domain of C2 might associate with
Scrib because the Kelch domain is usually the substrate-binding domain in a BTB-
Kelch protein. Further experiments should investigate: 1) FRMD6 degradation by
VACV and whether it is proteasome dependent; 2) whether FRMD6 interacts with
AS55; 3) Fer and RASA2 degradation by VACV and rescue by losing A55 or C2; 4)
how Fer and RASAZ2 interact with A55 or C2; 5) the biological outcome of targeting

these cellular proteins by VACV; 6) whether there is a link among these identified
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proteins such as functioning on the same pathway and/or forming a complex. One
other interesting direction is vI48E. The phenotypes should be compared among
VACV, vIl48E and vAA55 both in vitro and in vivo, such as the virulence in animal
models and the modulatory effect on innate immune signalling. It is interesting to
know whether vI48E and vAAS55 share a similar phenotype, which would indicate
whether A55 loses its function completely or not when losing its ability to bind Cul3,
although it is already known that A55 inhibits NF-kB independent of its interaction
with Cul3. Preliminary data of plaque assays show that the plaques formed on
confluent BSC-1 cells by vI48E were different from those formed by WT VACV and
exhibited an indistinct border similar to that described for viruses lacking A55 or C2
(Beard et al., 2006; Pires de Miranda et al., 2003), although the average size of the

plaques was not significantly different compared to WT VACV.

8.4 Scrib in VACV infection

Scrib is downregulated or re-localised by multiple viruses to disrupt its function in cell
polarity, cell migration, cell apoptosis and innate and adaptive immunity (section
5.1.4). This study shows Scrib is also degraded by VACV. Chapter 5 demonstrated
that VACV degrades Scrib via the proteasome, and the degradation requires the

interaction between A55 and Cul3 as well as the association between C2 and Scrib.

Next it was investigated whether and how Scrib affects VACV replication or spread.
Scrib KO cell lines were constructed for this purpose (Figure 6.3). Two Scrib KO cell
lines were infected at high or low MOI to observe the yield of virus and the size of
virus plaques. At low MOI, both KO cell lines showed increased virus yield after
infection compared to WT, but at high MOI the differences were marginal (Figure

6.4), indicating that loss of Scrib affects virus spread and has limited effect on viral
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replication. The sizes of virus plagues were measured too after infecting Scrib KO
cell lines. The average plaque area formed on both KO cell lines was larger than WT

(Figure 6.5). Taken together, these data suggest Scrib restricts VACV spread.

Scrib is a critical regular for cell polarity. Scrib interacts with Discs large homolog 1-4
(DLG1-4) and Lethal giant larvae (LGL1/2) to form the Scribble complex, which
resides along the basolateral membrane of epithelial cells and is concentrated at
tight junctions (Assémat et al., 2008; Humbert et al., 2008). Disruption of cell-cell
adhesion and cell polarity leads to the loss of epithelial identity through the EMT
(epithelial to mesenchymal transition) process, a crucial step in epithelial cancer
progression (Pearson et al., 2015). VACV CPE has been linked to EMT due to their
shared characteristics (McKenzie, 2016). Among the three major EMT signalling
pathways, namely TGF-B, Wnt and Notch signalling, Scrib has been shown to
prevent EMT by inhibiting the activation of TGF-3 signalling (Yamben et al., 2013).
Therefore, it was investigated first whether VACV and loss of Scrib regulate TGF-8

signalling.

Consistent with other published work, VACV activates TGF-§ signalling in a CAGA-
Luciferase (derived from the promoter of the Smad3/4-responsive genes) reporter
assay in HaCaT cells (Figure 6.6) (Gowripalan et al., 2020). The same assay was
carried out using Scrib KO cell lines and loss of Scrib enhanced the activation of
CAGA-Luc upon TGF-B stimulation (Figure 6.7A), and complementing Scrib reverts
the enhancement of TGF-B/Smad signalling caused by Scrib KO (Figure 6.7C).
Further, it was shown that Scrib KO increases Smad2 but not Smad3
phosphorylation upon TGF-3 stimulation (Figure 6.9). Collectively these data show
VACV enhances TGF-f/Smad activation, to which loss of Scrib is contributing.

However, there was no difference between VACV and vAA55 (Scrib is not degraded)
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infection in the CAGA-Luc reporter activity (Figure 6.10A). Although VACV increases
the phosphorylation of Smad2 and Smad3, vAA55 did not make an obvious
difference compared to VACV (Figure 6.10C). There may be a difference between
VACV and vAAS5S in the activity of a more specific Smad reporter, BRE-Luc, which
indicates Smad1/5 activity specifically (Figure 6.11), however the assay needs to be
further optimised to draw a conclusion. In summary, there is evidence that VACV
enhances the activation of TGF-B3-stimulated Smad signalling, and Scrib contributes
to the counteractive effect. VACV can still activate Smad3/4 with or without Scrib,
suggesting there might be other viral factors regulating the pathway. A recent study
shows that loss of Smad4 attenuates VACV spread and VACV-induced cell motility
(Gowripalan et al., 2020). This could be a mechanism by which Scrib restricts VACV
spread. In the future, it would be useful to test the activation of TGF- during VACV
infection or in Scrib KO cell lines at transcriptional levels, by measuring the mRNA
levels of TGF-B-responsive genes, to further validate the effect of VACV or loss of
Scrib on TGF-f signalling. It should also be investigated whether Scrib KO cell lines
benefit VACV spread by enhancing the activation of TGF-f signalling. This could be

attempted with a Smad4 KO cell line.

Additional evidence has shown that besides its critical role in maintaining cell polarity
and cell-cell contact in epithelial cells, Scrib is involved in fundamental functions of T
cells (Ludford-Menting et al., 2005) and human APCs including DCs, macrophages
and monocytes (Barreda et al., 2020; Barreda et al., 2018; Zheng et al., 2016). Scrib
is indispensable for the uropod formation, migration and antigen presentation of T
cells (Ludford-Menting et al., 2005). DCs and macrophages express Scrib too, and
the NS1 protein of influenza A virus targets Scrib in DCs by colocalisation (Barreda

et al., 2018). Within macrophages, Scrib is required for the reactive oxygen species
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(ROS) generation and bacterial clearance (Zheng et al., 2016). M1 macrophages are
key regulators of host defence to pathogen infection and inflammation (Benoit et al.,
2008). However, loss of Scrib enhances M1 polarisation and decreases M2
polarisation (Zheng et al., 2016). Scrib is also necessary for adequate CD86
upregulation during DC maturation, and DC dysfunctions due to loss of Scrib result
in inefficient T-cell stimulation (Barreda et al., 2020). Given these, A55/C2 may
contribute to viral infection in a different way in T cells or APCs. Notably VACV would
need to infect these cells to alter levels of Scrib, and these are not the natural cells

VACYV infects.

Scrib also has pro-apoptotic functions. Both downregulation and mislocalisation of
Scrib from cell-cell junctions leads to inhibition of apoptosis (Zhan et al., 2008). The
influenza A virus non-structural protein NS1 interacts with Scrib and relocalises Scrib
from the plasma membrane to cytoplasmic puncta, and thereby protects infected
cells from Scrib’s pro-apoptotic functions (Liu et al., 2010). It would be interesting to

investigate whether VACV degrades Scrib to inhibit host apoptosis.

8.5 C2is a potential Cdc42 activator

Unpublished SILAC data (Carlos Maluquer de Motes & Laura Gonzales, 2013)
identified Cdc42 as a potential binding partner of C2, and this has possible relevance
to the plaque morphology and cellular projections during WT VACV or vAC2 virus
infection was investigated (Pires de Miranda et al., 2003). The association between
Cdc42 and C2 was validated by IP (Figure 7.1). Interestingly, C2 associates with
Cdc42 via the C2-BTB domain, but not C2-Kelch, the usual domain in a BBK protein
that specifically interacts with substrates. However, this links to the observation that

C2 and C2-B both caused cells to round up (Figure 3.9). It should be investigated
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whether Cdc42 is required for this phenotype, for example IF can be performed in
Cdc42 KO cells over-expressing C2, C2-B and C2-K, or overexpressing
constitutively inactive Cdc42. Importantly, according to the viromic data, the Cdc42
level is stable during VACYV infection, which means C2 does not degrade Cdc42 via

A55/Cul3.

Cdc42 cycles between active and inactive states. The PAK-PBD pulldown assay
shows Cdc42 is activated by VACV, and this activation is reduced in the absence of
C2 (Figure 7.2A), however C2 does not co-IP either the constitutively active or the
constitutively inactive form of Cdc42 (Figure 7.2B). Notably these constructs have
been mutated, and therefore they may not bind due to the mutation preventing
binding directly or indirectly to C2, so these domains may be important for the
interaction. It should be further investigated whether C2 activates Cdc42 on its own
without the context of infection, or whether C2 needs A55 or other viral factors to

activate Cdc42 collaboratively, using cell lines expressing C2, A55 or both.

Scrib interacts with BPIX and regulates the activity of Cdc42 (Nola et al., 2008),
therefore it was investigated whether Cdc42 is required for VACV to degrade Scrib.
WT and Cdc42 KO cell lines were mock-treated or infected with VACV, and the
detection of Scrib in cell lysates was analysed by immunoblotting. In WT Hap cells,
Scrib was degraded when cells were infected with VACV compared to mock and
similar results were observed in the Cdc42 KO cells (Figure 7.3). This shows Cdc42
is not required for the degradation of Scrib by A55 and C2. It remains unknown
whether Scrib has a function in the filopodia formation by C2, and whether Scrib

degradation changes Cdc42 localisation.
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8.6 Summary

In summary, the VACV BBK proteins A55, C2 and F3 inhibit the NF-kB signalling
pathway. A55 inhibits NF-kB signalling by associating with KPNA2 and diminishing
its binding to p65, thereby blocking p65 nuclear translocation. C2 and F3 both inhibit
NF-kB signalling at or downstream of p65 nuclear translocation by unknown

mechanisms, and C2 inhibits NF-kB independent of Cul3.

AS55 interacts with Cul3 directly. C2 does not interact with Cul3, but associates with
Cul3 via A55. A55, C2 and Cul3 form a complex to target cellular proteins such as
Scrib. Scrib is degraded by VACV and is a novel cellular target by poxviruses. A55
and C2 are sufficient to degrade Scrib in the absence of other viral factors. In two
cell lines lacking Scrib, VACV formed larger plaques compared to controls. In
addition, after low, but not high, MOI infection there was an increased virus yield.
Collectively, these data suggest that loss of Scrib is affecting virus spread by an
unknown mechanism. Furthermore, VACV upregulates TGF-B/Smad signalling and

Scrib has roles in the regulation of the pathway.

In addition, C2 associates with Cdc42 via its BTB domain. C2 activates Cdc42, and

Cdc42 is not essential for Scrib degradation by VACV.

This study shows that VACV expresses the family of BBK proteins to inhibit the
activation of host innate immune signalling (NF-kB), which could contribute to the
mechanism by which loss of A55 and C2 increase immune cell recruitment in vivo.
Furthermore, this study provides additional evidence that VACV hijacks host Cul3-
ubiquitin system to target cellular proteins, or deploys host cell migration

mechanisms in order to benefit viral replication/spread.
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