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Abstract

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the causative agent of the
inflammatory endothelial cell (EC) cancer, Kaposi’s Sarcoma (KS). Many inflammatory
mRNAs (ARE-mRNAs) are subject to constitutive decay in cytoplasmic
ribonucleoprotein granules called processing bodies (PB). The viral protein KapB
contributes to this inflammatory phenotype by inducing PB disassembly and a correlative
increase in ARE-mRNA stabilization. However, the precise molecular mechanism
governing KapB-mediated PB disassembly is unclear. My research uncovered a novel
link between selective autophagy (SA) and PB disassembly. During SA, molecular-
adaptor proteins, such as NDP52, selectively bind and target cargo for degradation. I
found that KapB-mediated PB disassembly and stabilization of a reporter ARE-mRNA
requires NDP52. Moreover, overexpression of authentic NDP52, but not mutated NDP52,
rescued KapB-mediated PB disassembly in the context of NDP52 knockdown.
Collectively, these data suggest KapB hijacks SA machinery to disassemble PBs, thus
contributing to the proinflammatory environment beneficial for tumourigenesis.
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Chapter 1 Introduction

1.1 Kaposi’s Sarcoma

Kaposi’s sarcoma-associated herpesvirus (KSHYV) is a y-herpesvirus that causes rare
neoplastic disease. KSHYV is the etiological agent of the endothelial cell cancer, Kaposi’s
sarcoma (KS) (Ethel Cesarman, Chang, Moore, Said, & Knowles, 1995; Y. Chang et al.,
1994; Soulier et al., 1995). KS is not a true sarcoma (derived from mesenchymal tissues),
but is instead a highly complex endothelial cell-derived tumour that manifests on the
skin, mucosal membranes and visceral linings as red, purple and brown lesions.
(Beckstead, Wood, & Fletcher, 1985; Ganem, 2010; Wang et al., 2004). Notably, KSHV
infection alone is not sufficient to cause KS, as immunodeficiency is generally a
prerequisite for disease manifestation (Klepp, Dahl, & Stenwig, 1978).

There are 4 main epidemiological forms of KS: classical, endemic, iatrogenic and
Acquired Immunodeficiency Syndrome (AIDs)-associated. Each KS form exhibits
differences in lesion appearance and location; despite this, KS lesions are
histopathologically similar (Ethel Cesarman et al., 2019; Wen & Damania, 2010). The
primary cells comprising KS tumours are called spindle cells due to their abnormally
elongated shape (Wen & Damania, 2010). Despite poor differentiation, spindle cells are
believed to be of blood and lymphatic endothelial origin and are highly proliferative
(Kahn, Bailey, & Marks, 2002; Pyakurel et al., 2006; Wang et al., 2004). KSHV infected
spindle cells are reprogrammed to produce high levels of pro-inflammatory cytokines and
angiogenic factors such as tumour necrosis factor (TNF), interleukins -1alpha, -1beta and

-6 (IL-10, IL-1pB, IL-6), C-X-C Motif Chemokine Ligand 8 (CXCLS), interferon-gamma



(INF-y), vascular endothelial growth factor (VEGF), cyclooxygenase-2 (COX-2) and
granulocyte-macrophage colony-stimulating factor (GM-CSF) (Barbara Ensoli et al.,
2010; Barbara Ensoli & Stiirzl, 1998; Lane et al., 2002; Miles et al., 1990; Riva, Barozzi,
Torelli, & Luppi, 2010; Sadagopan et al., 2007; Salahuddin et al., 1988). KS lesions
feature widespread erythrocyte extravasation and lesion infiltration by diverse immune
cells including lymphocytes, plasma cells and tissue macrophages (Ablashi, Chatlynne,
Whitman, Cesarman, & Cesarman, 2002; Ethel Cesarman et al., 2019; Chung, Means,
Choti, Lee, & Jung, 2002). KSHV also encodes homologues of cytokines such as viral IL-
6 (vIL-6) and chemokine ligands (vCCL-1, -2, and -3), indicating the virus requires
specific immunomodulatory signals for KS development (Chen et al., 2009; Choi &
Nicholas, 2008). Unlike many cancers, advanced KS lesions are predominantly
polyclonal and spindle cells have an exaggerated dependence on exogenous growth
factors for proliferation (Duprez et al., 2007; Barbara Ensoli & Stiirzl, 1998; Ganem,
2010). This dependence and the inflammatory nature of KS suggests that it is a paracrine
and autocrine signaling disorder, whereby the production of inflammatory and angiogenic
factors by spindle cells recruits specific inflammatory-responsive immune cells to the
lesion (Ganem, 2010). These recruited cells contribute to the production of growth factors
and cytokines necessary to promote transformation, cell survival and maintenance of
KSHV-infection (Ganem, 2010).

1.2 Kaposi’s Sarcoma-Associated Herpesvirus

KSHYV is one of eight human herpesviruses and is a member of the lymphotrophic y-
herpesvirinae subfamily. KSHV is an enveloped virus with an icosahedral capsid and a

linear dsDNA genome that is approximately 165kB (Renne et al., 1996). More than 80



open reading frames (ORFs) are encoded by KSHV (Russo et al., 1996). Many of these
genes are conserved between the herpesviruses and are involved in essential processes
like viral DNA replication and virus particle assembly. However, KSHV also encodes
unique open-reading frames (ORFS) that are denoted as unique to KSHV by the letter ‘K’
preceding the ORF number (Russo et al., 1996; Wen & Damania, 2010).

1.2.1 Viral Life Cycle

KSHYV has a broad tropism in vivo; infecting many cell types including epithelial
cells, monocytes, macrophages, B-cells and endothelial cells (Chakraborty, Veettil, &
Chandran, 2012; Ganem, 2010). KSHV, like all Herpesviridae family members, can
establish a biphasic lytic or latent infection cycle in these cells. In KS patients,
endothelial cells predominantly harbor latent KSHV infection (Ganem, 2010). /n vitro,
lytic reactivation is induced using phorbol esters or histone deacetylase inhibitors
(sodium butyrate or trichostatin) however, the physiological stimuli required for
reactivation is not well understood(Lukac & Yuan, 2007). Notably, over 95% of cells in
KS lesions are latently infected and less than 3% of cells express lytic transcripts
(Decker et al., 1996; Staskus et al., 1997) (Figure 1.1). Accordingly, KSHV latency is
believed to be the major contributor to cell survival, proliferation and inflammatory
phenotypes seen in KS tumours, however several lytic genes also have oncogenic
properties and provide paracrine signals to promote inflammation and angiogenesis

(Figure 1.1)(Wen & Damania, 2010).
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Figure 1.1: KS lesions are predominantly composed of latently infected spindle cells.
Schematic of KS lesion. Greater than 95% of spindle cells within a KS lesion are latently

infected with KSHV while less than 3% of cells in the lesion express lytic transcripts. As
the predominant constituent of KS lesions, latently infected cells contribute to cell
survival and proliferation and to the establishment of the highly inflammatory and
vascularized nature of the KS lesion (Ganem, 2010). Lytic KSHV infected cells produce
virus critical for tumour propagation, however several lytic genes also contribute to the
inflammatory and angiogenetic environment required for KS.



1.2.2 Lytic Replication

During lytic replication, virus particles are produced and released from host cells.
Over 80 transcripts are expressed in a tightly controlled, temporal fashion, which
proceeds in an order of immediate early (IE), early and late genes (Ganem, 2010). IE
genes are transcribed immediately following viral entry and do not require de novo viral
protein translation, unlike early and late genes (R. Sun et al., 1998). Several IE genes are
transcription regulators and factors important for controlling subsequent gene
transcription and viral DNA replication initiation (Ethel Cesarman et al., 2019; Ganem,
2010). Replication and transcription activator (RTA) is an IE gene that acts as a
molecular switch between latent and lytic infection cycles (Jha, Banerjee, & Robertson,
2016; Lukac, Renne, Kirshner, & Ganem, 1998; R. Sun et al., 1998). RTA induces a
cascade of early gene transcription, including the viral DNA polymerase, processivity
factors and DNA binding proteins which contribute to viral genome replication and
cellular reprogramming (Gradoville et al., 2000; Lukac et al., 1998; R. Sun et al., 1998).
Following genome replication, late genes are transcribed including structural proteins for
virus particle assembly, maturation and egress (Mesri, Cesarman, & Boshoff, 2010).
Viral genomes are encapsidated, capsids undergo nuclear egress and acquire the tegument
and final envelope at the trans-Golgi network (TGN) (Johnston & Baines, 2011).
Exocytic machinery facilitates the budding of progeny virus particles into the
extracellular space (Mesri et al., 2010).

A handful of lytic genes, such as vIL-6 and viral G-protein-coupled receptor
(vGPCR), are important for oncogenic transformation and inflammatory phenotypes.

vIL-6 activates the Janus Kinase (JAK)-Signal Transducer and Activator of Transcription



(STAT) pathway causing increases in VEGF production and paracrine and autocrine
signaling (J. An et al., 2002). Inoculation of vIL-6 expressing cells in athymic mice also
increased hematopoiesis and tumour formation (J. An et al., 2002). vGPCR is a viral
homologue to cellular CXCLS receptor that is constitutively active and signals in the
absence of ligand binding (E Cesarman et al., 1996; Nicholas et al., 1997). vGPCR
expression immortalizes HUVECs and vGPCR transgenic mice can develop angio-
proliferative lesions which express similar cell surface markers and cytokines to that
detected in KS lesions (Bais et al., 2003; H.-G. Guo et al., 2003; Montaner et al., 2003;
T.-Y. Yang et al., 2000). These studies establish a role for lytic genes in promoting
tumourigenesis.

1.2.3 Establishment of Latency

KSHYV establishes life-long latent infection in B-cells and endothelial cells.
During latency the viral genome is circularized to form an episome, which is tethered to
host chromatin (Ballestas, Chatis, & Kaye, 1999; Renne et al., 1996). A small subset of
viral genes are expressed during latency including latency-associated nuclear antigen
(LANA), viral cyclin (vCyclin), viral FLICE-inhibitory protein (vFLIP), Kaposins A, B
and C and 12 pre-micro-RNAs (miRNAs) that are processed to form 24 miRNAs (Ethel
Cesarman et al., 2019; Qin, Li, Gao, & Lu, 2017). Latency-specific promotors control the
transcription of LANA, vFLIP and vCyclin and Kaposins A, B and C (Pearce,
Matsumura, & Wilson, 2005; Sadler et al., 1999). LANA is a multifunctional protein that
tethers the KSHV episome to host chromatin proteins, ensuring the genome is replicated

during normal cell division; LANA also participates in immune and cell cycle



dysregulation (Ballestas et al., 1999; Purushothaman, Uppal, Sarkar, & Verma, 2016;
Renne et al., 1996).

Several latent genes including LANA vCyclin, vFLIP and the Kaposins also
display transformative and oncogenic phenotypes. vCyclin is a cellular D-type cyclin
homolog that promotes cell cycle progression by constitutively activating cellular cyclin-
dependent kinase 6 (Jones et al., 2014; Van Dross et al., 2005). Mice inoculated with
AvCyclin-KSHV-infected cells have decreased tumour incidences relative to mice
inoculated with wild-type (WT) virus-infected cells (Jones et al., 2014). vFLIP is a
homolog of cellular FLICE inhibitory protein (FLIP) and activates the Nuclear
Factor kappa-light-chain-enhancer of activated B cells (NF-kp) pathway by directly
binding Ixf kinase thus, promoting cell survival, proliferation and inflammatory cytokine
production (Ballon, Akar, & Cesarman, 2015; Chaudhary, Jasmin, Eby, & Hood, 1999;
Field et al., 2003; Guasparri, Keller, & Cesarman, 2004; Grossman, Podgrabinska, Skobe
& Ganem, 2006). VFLIP ectopic expression also induces spindle cell morphology in
endothelial cells (Grossmann, Podgrabinska, Skobe, & Ganem, 2006; Guasparri et al.,
2004). Latent viral proteins primarily comprise KS lesions; these proteins alters cell
morphology, promotes cell survival and inflammatory phenotypes that contribute to KS
tumourigenesis.

1.3 The Kaposin Locus

The Kaposin locus encodes three unique KSHV proteins expressed during the
lytic and latent cycle: Kaposins (Kap) A, B and C (Sadler et al., 1999). The Kaposin
locus transcript was first identified by Zhong et al., (1996) via northern blot hybridization

of total RNA from KS pulmonary tissue. Using a canonical AUG start codon, a short



open reading frame with a transmembrane domain and hydrophobicity was identified as
KapA (Figure 1.2). Sadler et al., (1999) identified an upstream portion of the transcript
containing two sets of GC-rich, 23 nucleotide repeats called direct repeat 1 and 2 (DR1
and DR2) (Figure 1.2). Two proteins, KapB and KapC are translated from non-canonical
CUG or GUG start codons upstream of KapA (Sadler et al., 1999) (Figure 1.2). KapC is
translated in the same frame as KapA and is derived from the DR1, DR2 and K12 region
translation (Sadler et al., 1999) (Figure 1.2). KapB is translated from a different frame
than KapA or KapC and is derived from DR1 and DR?2 translation (Sadler et al., 1999)
(Figure 1.2). All three ORFs of the DR1 and DR2 produce the same polypeptide
sequence suggesting the importance of its conservation (Sadler et al., 1999) (Figure 1.2).
In different KSHV strains, the kDa size of KapB and C varies due to inconsistency in the
number of 23 amino acid repeats maintained in DR1 and DR2; the significance of the
expansion or contraction of DR repeats in this region is not understood (Li, Komatsu,
Dezube, & Kaye, 2002; Sadler et al., 1999). Furthermore, there are multiple non-
canonical initiation codons that can be used for translation (Li et al., 2002; Sadler et al.,
1999). To date, the Kaposins have no known homology to other proteins and KapB is
predicted to have an intrinsically disordered structure (Corcoran, unpublished). The
Kaposin transcript is one of the most highly expressed transcripts during latency but is
also expressed at higher levels during lytic reactivation (P.-J. Chang et al., 2002; Sadler et
al., 1999). These features suggest the Kaposins play a significant role in KSHV latency
and tumourigenesis. To date, no function has been ascribed to KapC. By contrast, KapB
is the most widely investigated Kaposin locus product and ectopic KapB expression in

primary ECs recapitulates several phenotypes of KSHV infection and KS lesions.
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Figure 1.2: Kaposin locus translation. Adapted from McCormick & Ganem (2005).
KapA is a short protein expressed from an AUG start codon denoted K12. Upstream is
two sets of 23 amino acid direct repeats (DR1 and DR2). KapC is translated in the same
frame as KapA from CUG non-canonical initiation codons, through the DR2, DR1 and
K12 regions. KapB is translated in a different frame than KapA and KapC from CUG or
GUG non-canonical start codons.



1.3.1 Kaposin B

1.3.1.1 KapB Activates MK2-RhoA Signaling Axis

KapB ectopic expression in primary ECs recapitulates several important
phenotypes observed in KS lesions and KSHV infection. One of the ways KapB exerts
these effects is by modulating regulatory cell signalling pathways. McCormick & Ganem
(2005) identified that KapB directly binds the catalytic domain of mitogen-activated
protein kinase (MAPK)-associated protein kinase 2 (MK2). MK2 is a p38 MAPK
downstream effector that is activated in response to cellular stress such as oxidative stress
or DNA damage (Gurgis, Ziaziaris, & Munoz, 2014). Upon activation, p38 translocates
to the nucleus where it phosphorylates MK2 (Gurgis et al., 2014). Phosphorylated MK2
and p38 are exported to the cytoplasm where MK2 can phosphorylate and influence the
activation of several stress-response pathway proteins (Gurgis et al., 2014). KapB
activates MK2 as indicated by immunoblotting for phospho-MK2 and the phosphorylated
form of the down-stream effector, Heat Shock Protein 27 (HSP27) (Corcoran, Johnston,
& McCormick, 2015; McCormick & Ganem, 2005).

Corcoran et al. (2015) identified that KapB activates the cytoskeletal regulator,
Rho guanosine triphosphatase (GTPase), via a non-canonical signaling axis induced by
MK?2 activation. Upon HSP27 phosphorylation, p115RhoGEEF is recruited to signaling
complexes and activates the cytoskeletal regulator RhoA GTPase (RhoA) (Corcoran et
al., 2015; Garcia et al., 2009). RhoA binds downstream effectors; Rho-associated kinase
(ROCK) 1 and ROCK 2 (Corcoran et al., 2015; Garcia et al., 2009; Leung, Chen, Manser,

& Lim, 1996). KapB elicits several phenotypes that depend on MK2 axis activation

10



KapB-mediated activation of cytoskeletal regulator RhoA and downstream
effectors, ROCK 1 and ROCK 2 induce actin cytoskeleton rearrangement (Corcoran et
al., 2015). Stress fibers are bundles of actin filaments held together by cross-linking
proteins; the activation of ROCK1 and ROCK2 causes stress fiber formation and cell
spindling (Corcoran et al., 2015; Leung et al., 1996; Sin, Chen, Leung, & Lim, 1998).
Furthermore, KapB-expression increases endothelial cell migration and angiogenesis as
determined by a tubule formation assay which model the reorganization stage of
angiogenesis (Corcoran et al., 2015). These data indicate ectopic KapB expression
induces changes in cell morphology, migration and angiogenesis that could contribute to
latent tumourigenesis.

In addition to cytoskeletal modification, Corcoran et al., (2015) also identified
that KapB induced the disassembly of a small RNA granules called processing bodies
(PBs). PB disassembly depends on MK2, RhoA and ROCK activation and is significant
because PBs are a major site of cytokine RNA post-transcriptional control (Corcoran et
al., 2015; Corocran, unpublished).

1.4 Processing Bodies

1.4.1 Processing Body Components and Structure

PBs are non-membrane bound ribonucleoprotein (RNP) granules that are
conserved among eukaryotes and are important sites for post-transcriptional gene
regulation (Parker & Sheth, 2007). PBs contribute to translational repression, nonsense-
mediated decay and labile mRNA decay (Fenger-Gron, Fillman, Norrild, & Lykke-
Andersen, 2005; Palanisamy, Jakymiw, Van Tubergen, D’Silva, & Kirkwood, 2012;

Parker & Sheth, 2007). PB foci are on average 100-500 nm in diameter depending on cell
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type (Cougot, Cavalier, Thomas, & Gillet, 2012; Eulalio, Behm-Ansmant, Schweizer, &
Izaurralde, 2007; Z. Yang et al., 2004). PB formation is thought to be initiated through
RNA-protein interactions and liquid-liquid phase separation, which allows the rapid and
reversible recruitment of PB proteins into organized, membrane-less foci (Luo, Na, &
Slavoff, 2018). Electron microscopy and immunogold labelling reveal PBs are organized
into two compartments comprising; “a dense core on which peripheral protrusions are
anchored” (Cougot et al., 2012).

The complete composition of PBs has not been elucidated; however, PBs contain
enzymes and cofactors required for mRNA decay, several RNA binding proteins and
translational repressors (Cougot, Babajko, & Séraphin, 2004; Cougot et al., 2012;
Eulalio, Behm-Ansmant, & Izaurralde, 2007; Eulalio, Behm-Ansmant, Schweizer, et al.,
2007; Sheth & Parker, 2003). Many diverse PB components have been identified
through mass-spectrometry proteomics studies and validated by electron microscopy and
immunofluorescence microscopy (Ayache et al., 2015; Bish et al., 2015; Eulalio, Behm-
Ansmant, Schweizer, et al., 2007; Hubstenberger et al., 2017; Parker & Sheth, 2007). PBs
components include several RNA binding proteins such as Human antigen R (HuR) and
Tristetraprolin (TTP) and cytoskeleton regulators including Myosin 6 (Hubstenberger et
al., 2017). Some of the best characterized PB proteins are involved in eukaryotic mRNA
degradation. More specifically, the deadenylation complex (Ccrdp/Pop2p/Not complex),
decapping complex (DCP1A, DCP1B, DCP2), several decapping activators and co-
factors (Hedls, DDX6, Pat1B and LSM1-7) and the 5’-to-3” exonuclease, XRN1 are all
PB components (Parker & Sheth, 2007b; Sheth & Parker, 2003). Many PB components

are also important for the structural organization of the granule as electron microscopy
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studies indicate that PB resident protein, DDX6 is localized to the periphery of PBs while
XRNI and DCP1A are localized to the interior of the electron dense granule (Cougot et
al., 2012). Due to the dynamic nature of PBs, it is likely that many PB-associated factors
remain unidentified (Kedersha et al., 2005b).

PBs are distinct from the better characterized RNA granule, stress granules (SGs).
Normal cells typically have PBs, while SGs form in response to translational inhibition
(Stoecklin & Kedersha, 2013). Although PBs and SGs have overlap in protein
constituents, there are numerous proteins specific for each structure (Fujimura, Kano, &
Murata, 2008; Gallouzi et al., 2000; Wilczynska, Aigueperse, Kress, Dautry, & Weil,
2005). DCP1A, DCP2 and Hedls are reliable markers that are only found in PBs
(Kedersha et al., 2005b; Ozgur, Chekulaeva, & Stoecklin, 2010; van Dijk et al., 2002).
PB component diversity provides incite into the several functions attributed to the RNA
granules.

1.4.2 Processing Body Function

Several functions are attributed to PBs including mRNA decay and translational
repression; however, research surrounding this area is controversial. Some evidence
suggests PBs act as reservoirs for translationally repressed RNAs and not as sites of
mRNA decay (Franks & Lykke-Andersen, 2008; Parker & Sheth, 2007. This model is
supported by data showing mRNA decay occurs in the absence of PBs and that mRNAs
can be exchanged from PBs to translating polysomes (Brengues, Teixeira, & Parker,
2005; Eulalio, Behm-Ansmant, Schweizer, et al., 2007). Moreover, Horvathova et al.,
(2017) developed a single-molecule reporter of 5’-to-3> mRNA decay. Imaging of this

probe in live cells showed RNA decay products throughout the cytoplasm showing that
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mRNA decay was not exclusive to PBs (Horvathova et al., 2017). Hubstenberger et al.,
(2017) sequenced PB-associated RNAs and detected as many as 1/5 of cellular RNAs,
many of these RNAs were intact. Altogether these data indicate that PBs can store
translationally repressed mRNAs and that mRNA does not exclusively occur in PBs.

Contrary to above, evidence supporting the theory that PBs are important sites of
5’-t0-3’ mRNA decay also exists. The presence of many enzymes (XRN1), co-factors
and activators (DCP1A, DDX6, Hedls, LSM1-7) that are required for mRNA decay
suggests that PBs may be sites of 5°-to-3> mRNA decay (Parker & Sheth, 2007b).
Contrary to Hubstenberger et al., (2017) a publication by Aizer et al., (2014) described
mRNA without poly-A tails accumulating and localizing to PBs, indicating that the
transcripts are targeted for mRNA decay. Moreover, mRNAs trapped in the process of
decay (through the insertion of strong secondary structure in the 3’-UTR of the transcript)
were localized to PBs providing evidence for PBs as sites of mRNA decay (Parker and
Sheth, 2003). PB size is also proportional to mRNA decay flux such that inhibition of
mRNA decapping causes increases in PB size, suggesting the accumulation of transcripts
destined for decay within PBs (Parker & Sheth, 2007; Sheth & Parker, 2003).

PB function is difficult to experimentally investigate as it is challenging to image
RNA decay in real time and to isolate a non-membranous granule (Luo et al., 2018).
Consequently, there are differing, but not mutually exclusive, models to describe PB
function. At this time, it is clear that PBs play a multifunctional role in post-
transcriptional gene regulation, especially for the group of cellular messages subject to
constitutive decay, as is discussed below (Franks & Lykke-Andersen, 2008; Parker &

Sheth, 2007).
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1.4.2.1 Processing Bodies and AU-rich Element mRNAs

There is strong correlative evidence that PBs play an important role in the decay
of a specific class of cellular mRNAs called AU-rich element mRNAs (ARE-mRNAs).
ARE-mRNAs are a group of inherently labile genes that contain an ARE in their 3°-
untranslated region (3’-UTR). Between 5-8% of mRNAs contain AREs and the presence
of AREs targets these transcripts for constitutive decay in PBs (Bakheet, Williams, &
Khabar, 2006; Franks & Lykke-Andersen, 2007; Kedersha et al., 2005b; Palanisamy et
al., 2012). The vast number of transcripts containing AREs indicates the cis-element is
important for regulating eukaryotic gene expression (Bakheet, Williams, & Khabar,
2006; Palanisamy et al., 2012). Moreover, many of the ARE-mRNAs degraded in PBs;
such as IL-6, CXCL8, TNF, GM-CSF and VEGF play important roles as immune
modulators and inflammatory mediators and are also upregulated with KSHV infection
(Palanisamy, et al., 2012; Palanisamy, Park, Wang, & Wong, 2008).

The mechanism of ARE-mRNA delivery to PBs appears to be through RNA
binding proteins. RNA binding proteins bind target transcripts by recognizing cis-
elements like AREs and promote ARE-mRNA stabilization or destabilization
(Palanisamy, et al., 2012). Several ARE-mRNA binding proteins like TTP and HuR have
been detected as PB components (Franks & Lykke-Andersen, 2007; Kedersha et al.,
2005a). Furthermore, in situ hybridization assays show the delivery of ARE-mRNAs that
encode TNF and GM-CSF to PBs and that RNA binding proteins tether ARE-mRNAs to
PBs (Franks & Lykke-Andersen, 2007). Correlative data linking PB dynamics to ARE-
mRNA levels include a study where tumour growth factor-f§ (TGF-p) induced PB

assembly correlated to a decrease in ARE-mRNA expression (Blanco, Sanduja, Deane,
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Blackshear, & Dixon, 2014). Notably, the disassembly of PBs induced by MK2-
activating viral protein, KapB, correlates to an increase in ARE-mRNA stabilization, as
determined by luciferase assays containing an ARE from GM-CSF or IL-6 (Corcoran et
al., 2012; Corcoran, Khaperskyy, & McCormick, 2011; McCormick & Ganem, 2005,
2006). KapB also stabilized an ARE-mRNA that encodes PROX-1, the master regulator
of lymphatic endothelium differentiation. Altogether this evidence asserts PBs are a site
of mRNA decay for immunomodulatory and inflammatory ARE-mRNAs. The
characteristic immunomodulatory nature of many ARE-mRNAs highlights the
importance of understanding ARE-mRNA regulation in PBs.

1.4.3 Processing Body Dynamics

PBs are important regulators of eukaryotic gene expression, yet little is known
about PB assembly and disassembly. Although PBs are present in most cells, they vary in
size and number (Eulalio, Behm-Ansmant, & Izaurralde, 2007). Cellular stress such as
glucose deprivation or translation inhibition causes PBs to increase in size and/or
number, highlighting the dynamic nature of the RNP granules (Decker & Parker, 2012;
Eulalio, Behm-Ansmant, Schweizer, et al., 2007). This dynamic characterization was also
confirmed by fluorescence recovery after photobleaching (FRAP) studies, which showed
the rapid exchange of PB-associated proteins between the cytoplasm and PBs.

At a molecular level, the de novo assembly of PBs under normal conditions
appears to require several PB proteins including EDC3, LSM4 and DDX6 (Ayache et al.,
2015; Cougot et al., 2012; C. J. Decker, Teixeira, & Parker, 2007; Kedersha et al., 2005a)
However, PB assembly under stress conditions such as arsenite treatment is not

dependent on the expression of LSM4 or DDX6, suggesting PB assembly conditions

16



differ between homeostasis and stress (Ayache et al., 2015; Cougot et al., 2012; Kedersha
et al., 2005a). Depletion of several key PB factors including Hedls and Pat1B decrease
the number of cells with PBs, indicating some PB components are integral for PB
structure. Similarly, DDX6 (found in the outer ring of PB organization) leads to PB
disassembly as determined by electron microscopy (Cougot et al., 2012; Eulalio, Behm-
Ansmant, Schweizer, et al., 2007; Marnef et al., 2010). The maintenance of PBs is also
dependent on a pool of translationally repressed mRNAs, as cycloheximide treatment
(which inhibits translation elongation thus trapping mRNAs in polysomes) causes loss of
PBs (Brengues et al., 2005). These studies implicate the importance of specific PB
proteins in promoting or maintaining PB structure and show that changes in the levels of
key PB proteins causes PB disassembly.

Notably, several PB protein post translational modifications are important for PB
assembly and function. Phosphorylation of DCP2 is required for its localization to PBs in
yeast (Yoon, Choi, & Parker, 2010). In humans, DCP1A has several phosphorylation
sites (Aizer, Kafri, Kalo, & Shav-Tal, 2013). DCP1A phosphorylation stabilized
interactions with PB component DCP2; however DCP1A hyper phosphorylation
coincided with PB loss during mitosis and cell division, thus showing phosphorylation
can affect PB function and localization (Aizer et al., 2013). K63-ubiquitination
knockdown impairs DCP1A phosphorylation and subsequently prevents interactions
between DCP1A and Hedls (Tenekeci et al., 2016). Furthermore, many PB proteins
including Hedls and DDX6, which are important for PB assembly and maintenance, have
phosphorylation sites; however, the functional consequences of phosphorylation for these

proteins is not well understood (Bish et al., 2015; Gustafson & Wessel, 2010; Rahman,
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Qasim, Oellerich, & Asif, 2014). In summary, diverse post-translational modifications of
several PB proteins are important regulatory events for PB function and dynamics.
However, the precise signals regulating PB dynamics and turnover remain unclear.

1.5 Autophagy

Autophagy is a homeostatic, catabolic process by which cellular cargo, like RNA
granules, can be degraded to maintain homeostasis or respond to cellular stress (Glick et
al., 2010). Although autophagy is a ubiquitous process, autophagic flux is upregulated
during certain developmental phases and cellular stresses such as hypoxia, starvation and
pathogen infection(Anding & Bacehrecke, 2017; Galluzzi, Bachrecke, et al., 2017; Glick
et al., 2010). There are 3 main types of autophagy; chaperone-mediated autophagy,
microautophagy and macroautophagy (Glick et al., 2010). In chaperone-mediated
autophagy, chaperone proteins facilitate the transport of cargo targeted for degradation
across the lysosomal membrane (Glick et al., 2010). Conversely, in microautophagy,
cargo is internalized in the lysosome via invagination of the lysosomal membrane into
small vesicles (Glick et al., 2010). Lastly, macroautophagy is characterized by the
formation of cytosolic double-membraned vesicles called autophagosomes that fuse with
lysosomes to form autolysosomes (Galluzzi, Baehrecke, et al., 2017; Kaur & Debnath,
2015). Macroautophagy is the best characterized type of autophagy and is a focus of this
thesis. Accordingly, macroautophagy will hereafter be referred to as autophagy.

There are more than 32 autophagy-related genes (Atg) identified in mammalian
cells (Glick et al., 2010; Kaur & Debnath, 2015). Many of them are conserved in yeast
emphasizing the importance of autophagy in cellular function (Glick et al., 2010). The

autophagic process is separated into several important stages; initiation, phagophore
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nucleation, phagophore expansion, autophagosome formation and autolysosome
formation. Several signals including amino acid starvation and hypoxia induce autophagy
by causing Unc-51-like kinase 1 (ULK) complex assembly and activation (Dikic &
Elazar, 2018). The ULK complex phosphorylates class III phosphoinositide 3-kinases
(PI3K) components, causing ULK complex localization to an intracellular membrane
source such as the endoplasmic reticulum (ER) (Dikic & Elazar, 2018). The membrane
localization of these complexes promotes phosphatidylinositol 3,4,5- triphosphate (PIP3)
production (Dikic & Elazar, 2018). The increasing PIP3 concentration (1) initiates
phagophore nucleation (the isolated lipid bilayer derivation) and (2) recruits other Atg
proteins including the cysteine protease, Atg4 and the Atgl6-Atgl2-Atg5 complex (Dikic
& Elazar, 2018; Galluzzi, Baehrecke, et al., 2017) (Figure 1.3). Atg4 cleaves cytoplasmic
microtubule-associated protein 1 light chain 3 (MAP1LC3; also known as LC3) exposing
a glycine residue (LC3-I) that is subsequently conjugated phosphatidylethanolamine (PE)
to form LC3-II by the Atgl6-Atgl2-Atg5 complex (Galluzzi, Baehrecke, et al., 2017)
(Figure 1.3). The conversion of LC3-I to LC3-II is a hallmark of autophagosome
biogenesis as LC3-II levels correlate with autophagosome number (Kabeya, 2000;
Mizushima, Yoshimori, & Levine, 2010). The lipidated LC3-1II is anchored in the
phagophore membrane and promotes membrane expansion around cytosolic cargo until a

double-membraned mature autophagosome
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lysosome

phagophore phagophore autophagosome autophagolysosome
nucleation expsansion

Figure 1.3: Bulk autophagy facilitates non-selective cytosolic degradation of cargo.
Schematic representation of autophagosome biogenesis and autolysosome formation. An
isolated lipid bilayer called a phagophore is derived from existing membrane sources.
Phagophore expansion is mediated in part by the conversion of cytoplasmic LC3 to
lipidated, membrane-bound LC3-II. The phagophore expands and fuses forming a
mature, double-membraned autophagosome. The mature autophagosome fuses with a
lysosome forming an autolysosome. Lysosomal enzymes degrade the content of the
autolysosome allowing the component metabolites to be recycled in the cell.
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forms (Dikic & Elazar, 2018; Olsvik et al., 2015) (Figure 1.3). At this point, most of the
proteins involved in autophagosome formation and expansion (ULK complex, Atg5,
Atgl2, Atg4, Atgl6) are no longer associated with the autophagosome, excluding LC3-II,
which remains embedded in the autophagosome membranes (Dikic & Elazar, 2018).
Following autophagosome biogenesis, the autophagosome fuses with a lysosome forming
an autolysosome (Figure 1.3) (Galluzzi et al., 2017). Within the acidic autolysosome,
proteases and hydrolases catabolize and degrade the autolysosome contents (Galluzzi et
al., 2017). The autolysosome degradation products and metabolites are released into the
cytoplasm, allowing them to be recycled and used in other anabolic cellular processes.

1.6 Selective Autophagy

Autophagy was originally thought to be a non-selective, bulk catabolic process.
However, over the past decade, it has become evident that cargo can be selectively
targeted to autophagosomes in a process known as selective autophagy. Thus far, the
selective degradation of protein aggregates (aggrephagy), mitochondria (mitophagy),
endoplasmic reticulum (ERphagy), stress granules (granulophagy), peroxisomes
(pexophagy) and pathogens (xenophagy) have been reported (Rogov, Dbtsch, Johansen,
& Kirkin, 2014) (Figure 1.4).

1.6.1 Molecular Mechanism of Selective Autophagy

Cytosolic constituents can be targeted for autophagic degradation by direct
binding to LC3 or indirect targeting to LC3 via molecular bridges termed selective
autophagy receptors. Proteins that interact with LC3 do so via an LC3-interacting region
(LIR) that consist of a W/F/Y-X-X-L/I/V motif (Ichimura et al., 2008; Noda et al., 2008;

Noda, Ohsumi, & Inagaki, 2010; Birgisdottir et al., 2013). Some proteins such as PEX14
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during pexophagy and the cell-cell adhesion regulator -catenin have LIRs and bind LC3
directly facilitating their autophagic degradation, but most incidences of selective
autophagy rely on selective autophagy receptors to confer specificity (Hara-Kuge &
Fujiki, 2008; Petherick et al., 2013; Xie et al., 2015b).

Selective autophagy receptors bind cargo and LC3 (via LIR interactions) on
growing autophagosomes to target cargo for autophagic degradation (Zaffagnini &
Martens, 2016). Some of the best characterized receptors include p62, valosin containing
protein (VCP), optineurin (OPTN), neighbor of BRCA1 gene 1 (NBR1) and nuclear dot
protein 52 (NDP52) (Zaffagnini & Martens, 2016). OPTN, p62, NDP52, and NBR1 are
members of the sequestosome-like family and contain several conserved motifs including
a LIR motif, a domain that permits receptor multimerization and a ubiquitin binding
domain (UBD) (Birgisdottir, Lamark, & Johansen, 2013). All three of these features are
important for efficient cargo binding, targeting and degradation.

Selective autophagy receptor interactions with LC3 tend to be low affinity. Some
cargo receptors, like OPTN, contain multiple LIRs, thus establishing high-avidity binding
to LC3 (Zaffagnini & Martens, 2016). OPTN phosphorylation also increases its binding
affinity for LC3 (Wild et al., 2011). Other cargo receptors, such as p62 and NDP52
contain few functional LIRs, but these receptors oligomerize via their Phox and Bem1
(PBI1) and SKlI-interacting protein (SKIP) carboxyl homology (SKICH) domains,
respectively, to stabilize LC3 binding and cargo binding (Lu, den Brave, & Jentsch,
2017; Zaffagnini & Martens, 2016).

Recent publications also reveal that ubiquitination can target substrates for

autophagic degradation in addition to proteasomal degradation
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Figure 1.4: Selective autophagy facilitates targeted cargo degradation

(A) The turnover of diverse cargos including mitochondria (mitophagy), pathogens
(xenophagy), ribosomes (ribophagy), ER (reticulophagy) and stress granules
(granulophagy) are regulated by selective autophagy. (B) Selective autophagy receptors
can bind cargo in a ubiquitin-dependent or independent manner. Receptors also contain
LC3-interacting regions (LIRs) that allow targeting of the bound cargo to phagophore
membranes via LC3 binding.
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(Ichimura et al., 2008; Padman et al., 2019; Pankiv et al., 2007; Verlhac, Gregoire, et al.,
2015). Accordingly, selective autophagy can occur in a ubiquitin-dependent or -
independent manner (Rogov & Kirkin, 2014). During ubiquitin-dependent selective
autophagy, cargo is ubiquitinated and this modification facilitates selective autophagy
receptor binding (Rogov & Kirkin, 2014). Zaffagnini & Martens (2016) suggested that
cargo tagged with high concentrations of ubiquitin will be more efficiently recruited to
autophagosomes due to increased cargo recognition by selective autophagy receptors.
Furthermore, the type of ubiquitin linkage e.g. K63-linked ubiquitination, is believed to
confer a preference for cargo to be degraded by autophagy rather than the proteasome
(Liu et al., 2017; Zaffagnini & Martens, 2016). This was contested by Lu et al., (2017),
who showed that during yeast aggrephagy, the determining factor for whether a specific
target was degraded via autophagy or the proteasome was the extent of selective
autophagy receptor oligomerization, and not ubiquitin quantity or linkage. Ubiquitin-
independent selective autophagy can also occur via selective autophagy receptors directly
binding cargo; in this case, it is believed that the oligomerization of selective autophagy
receptors is important for the efficiency of ubiquitin-independent selective autophagy
(Khaminets, Behl, & Dikic, 2016; Lu et al., 2017; Padman et al., 2019). Some types of
mitophagy are ubiquitin-independent (Padman et al., 2019). Selective autophagy
receptors are implicated in the degradation of a wide variety of cargos; therefore, the
activity of these receptors must be tightly regulated through several mechanisms that are

not well understood.

1.7 Methods to Study Bulk and Selective Autophagy In Vitro
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Autophagic flux is a dynamic process, yet we study its activation and regulation
using static approaches. This necessitates careful sampling over time. For example,
because autophagosomes are an intermediate in the autophagic process, to count their
numbers at one specific time point in an experiment is not always representative of
autophagic activity. This is because autophagosome number does not account for
autolysosome formation and degradation of autophagic cargo (Glick et al., 2010). An
increase in autophagosome number can indicate increased autophagy induction or a block
in autophagy, downstream of autophagosome formation (Mizushima et al., 2010). Due to
the complicated interpretation of autophagy-related results, researchers must use several
methods, and interpret all these data together, to pinpoint how autophagy is changing in
their system.

Many assays developed to study autophagy aim to determine autophagic flux, a
term that encompasses the entire process, from autophagosome initiation and maturation,
to autolysosome formation and the degradation of autophagic substrates (Mizushima et
al., 2010). Autophagic flux is the best indicator of autophagic activity, but assessing
autophagic flux requires combinational approaches (Mizushima et al., 2010). Many
common assays for autophagic flux rely on LC3-II as a measure of autophagy, as this is
one of very few proteins that remain associated with autophagosomes after their
formation. For example, other autophagy regulators like Atg5 or Atgl2 cannot be used to
assess changes in autophagy (Dikic & Elazar, 2018). Most of the methods that
investigate autophagy, including those that measure LC3 levels, also cannot distinguish
between bulk and selective autophagy. Because I use LC3-based assays in this thesis,

their method and correct interpretation is described below.
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1.7.1 Methods to Determine Autophagosome Number

Once believed to be the gold standard in the measurement of the autophagic
process, electron microscopy can be used to identify autophagosomes. In transmission
electron microscopy sections, these structures appear as double-membraned vesicles
present in the cytosol (Mizushima et al., 2010). It is not possible to distinguish between
bulk and selective autophagy by visualizing autophagosomes by electron microscopy
(Mizushima et al., 2010). Furthermore, it is difficult to differentiate between
autolysosomes, which contain a single membrane and may be undergoing partial
degradation, and autophagosomes (Mizushima et al., 2010). Fluorescence microscopy
can also be used to enumerate membrane-associated LC3-II puncta (Mizushima et al.,
2010) . The overexpression of GFP-LC3 serves the same function, but reports of GFP-
LC3 aggregations not associated with autophagosomes make this a less reliable method
(Kuma, Matsui, & Mizushima, 2007). However, none of these methods can be used to
evaluate changes in autophagic flux or selective autophagy without further validation, as
no information about autolysosome formation or cargo degradation is gained from these
assays.

1.7.2 Methods to Determine Autophagic Flux

Four of the main methods employed to investigate autophagic flux are LC3 or p62
turnover assays, overexpression of the mRFP-GFP-LC3 tandem reporter or the GFP-
cleavage assay. These assays allow researchers to distinguish whether increased
autophagosomes represent true increased autophagic flux (that culminates in cargo
degradation and recycling) or a late-stage block in autophagosome maturation (Klionsky

et al., 2012).
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The LC3 turnover assay capitalizes on the fact that LC3-I1, as it traffics through
the autophagy pathway, is also degraded in autolysosomes along with cargo. Therefore,
the addition of late-stage autolysosome formation inhibitors like bafilomycin and
chloroquine block the LC3-II degradation (Mizushima et al., 2010). Under basal
conditions some level of LC3-I and LC3-II are present (Figure 1.5A). If a treatment
increases LC3-II levels, this increase could be due to increased autophagic flux or to a
downstream block in autolysosome formation. Therefore, a third cell condition consisting
of the treatment and late-stage autophagy inhibitor is required to differentiate between
these two options(Barth, Glick, & Macleod, 2010). If the treatment-mediated increases in
LC3-II are due to increased autophagic flux, there will be an even larger increase in LC3-
IT with the late-stage autophagy inhibitor addition, but if the increase in LC3-II was due
to a degradation block there would be no increase in LC3-II in this condition (Barth et al.,
2010). Therefore, increases or decreases in autophagic flux can be identified with the
LC3 turnover assay.

Immunoblotting for autophagy-related protein p62 can also be used to determine
autophagic flux (Mizushima et al., 2010). Although p62 is a selective autophagy receptor
it is fairly ubiquitously included in autophagosomes and is degraded in autolysosomes
like LC3-II. Consequently, p62 levels are inversely correlated with autophagic activity
(Klionsky et al., 2012; Mizushima et al., 2010). If a treatment induces autophagy, p62
levels will decrease, whereas if a treatment inhibits autolysosome formation, p62 steady-
state levels will increase (Figure 1.5A). Treatment with an autophagy inducer and late-
stage autophagy inhibitor will cause a greater increase in p62 accumulation than seen

with the inducer alone (Mizushima et al., 2010).
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Figure 1.4: Methods to investigate autophagic flux. A-B are adapted from Yoshii &
Mizushima (2017). (A) LC3 and p62 turnover assay schematic if cells are treated with an
inducer of autophagic flux. Some level of LC3-II is present in a no treatment control. The
addition of a treatment or late-stage autophagy inhibitor increases LC3-II levels; these
results could be to increased autophagy initiation or a downstream block in autolysosome
formation and cargo degradation. Concomitant use of the treatment and a late-stage
autophagy inhibitor causes increases in LC3-II greater than that seen with the inhibitor
indicating increased autophagic flux. p62 levels are inversely correlated with autophagic
flux. Decreased levels of p62 with a treatment indicate increased autophagic flux and
increased levels of p62 with a late stage inhibitor or simultaneous treatment with an
inducer and inhibitor indicate increased autophagic flux. (B) mRFP-GFP-LC3 tandem
reporter assay. When the reporter is in the autophagosome or cytosol it will appear as
yellow puncta due to the expression of GFP and mRFP fluorescence. When the reporter
enters the autolysosome the GFP will be quenched and only RFP signal is visible.
Increases in yellow and red puncta indicate increases in autophagic flux. (C) GFP
Fragmentation assay. GFP-LC3 in the autophagosome or cytosol remains intact. When
the construct enters the autolysosome, it becomes partially degraded and free GFP
becomes detectable by immunoblotting. Increased free GFP-relative to the intact
construct signifies increased autophagic flux.
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Another method used to monitor autophagic flux requires the mRFP-GFP-LC3
tandem reporter. This assay exploits the fact that GFP fluorescence is quenched in a
lysosome while RFP or mCh fluorescence is not quenched (Kabeya, 2000; Katayama,
Yamamoto, Mizushima, Yoshimori, & Miyawaki, 2008). When the construct is in the
cytosol or autophagosome it emits both GFP and mRFP fluorescence which manifests as
yellow puncta; if the construct enters the lysosome or autolysosome, only RFP puncta
will be detected (Kimura, Noda, & Yoshimori, 2007) (Figure 1.5B). Increases in
autophagic flux cause increases in both yellow and red puncta, but if autophagosome
maturation is blocked there will be increases in only yellow puncta. Similar to the LC3-
GFP construct, aggregates of the tandem reporter can form, leading to increases in yellow
puncta that are not autophagosome-associated (Kimura et al., 2007; Kuma et al., 2007).

Lastly, a GFP-cleavage assay also capitalizes on lysosome-mediated changes in
GFP to monitor autophagic flux. This assay utilizes a LC3-GFP reporter which upon
entering a autolysosome is partially degraded causing the release of a free GFP fragment
(Mizushima et al., 2010) (Figure 1.5C). Immunoblotting for GFP will detect the intact
LC3-GFP construct as well as the free GFP portion (Mizushima et al., 2010). An increase
in free GFP indicates increased autophagic flux. This assay has been used extensively in
yeast but is not robust in mammalian cells due to differences in the activity and aciditiy
of lysosomes (Klionsky et al., 2012; Mizushima et al., 2010). None of the autophagic flux
assays allow monitoring of selective autophagy cargo as they depend on monitoring
proteins like LC3- and p62 that are present within the autophagosome and respond

robustly to changes in autophagic flux. These methods do not provide data as to what
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specific cargoes are present in the autophagosomes and therefore do not give information
about selective autophagy.

1.7.3 Methods to Investigate Selective Autophagy Flux

To date, there are very few methods developed to investigate selective autophagy
flux and most methods that do exist are specific for mitophagy - the best characterized
form of selective autophagy. The first steps towards investigating selective autophagy
often rely on knocking down or knocking out selective autophagy receptors and looking
for altered cargo turnover via immunofluorescence and immunoblotting. These assays
provide important, indirect information suggesting a role for selective autophagy in cargo
turnover but provide no information about the relative rates of selective autophagic flux
compared to bulk autophagy or other cytosolic cargo. Furthermore, because selective
autophagy receptors have multiple roles in cells, cautious interpretation of these results is
required.

In the mitophagy field, there are a few fluorescence-based assays developed to
monitor mitophagic flux. One such assay involves labelling mitochondria and lysosomes
using MitoTracker® and Lysotracker® dyes. Following dye application, microscopy is
used to identify and quantify the frequency of dye colocalization which indicates
mitophagic events (Dolman, Chambers, Mandavilli, Batchelor, & Janes, 2013). Using
this system, it is possible to detect increases or decreases in the incidences of lysosome
and mitochondria co-localization in relation to a control (Dolman et al., 2013). This assay
provides insight into rates of mitophagic flux and perhaps could be adapted using other
dyes or fluorescent proteins to monitor different types of selective autophagy. One of the

most promising assays to monitor mitophagic or selective autophagy flux involves the
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pH-dependent fluorophore mKeima which will be discussed in Chapter 3. Overall there
are insufficient tools available to monitor selective autophagic flux, particularly of cargos
other than the mitochondria.

1.8 Rationale and Objectives

1.8.1 KapB Upregulates Autophagic Flux

Recent evidence suggests that MK2-RhoA signaling pathway members can
upregulate autophagy (Wei et al., 2015). MK2 phosphorylates serine 90 of autophagy
related protein, Beclin-1, promoting autophagy induction (Wei et al., 2015). The MK2
downstream effector, HSP27, was also implicated in stimulating autophagy (Shen et al.,
2016). The RhoA effector kinase, ROCK1, also upregulated autophagy by
phosphorylating Beclin-1 at a different residue, threonine 119 (Gurkar et al., 2013).
Given these data, the Corcoran lab has recently investigated whether KapB upregulates
autophagy; numerous unpublished experiments support this hypothesis. KapB-expressing
cells displayed increased levels of LC3-II and decreased steady-state levels of p62,
indicating autophagic flux is increased compared to vector-transduced control cells.
Furthermore, cells expressing KapB have increased number of LC3-II puncta that
colocalize with the lysosomal marker LAMP2A, indicating an increase in autophagosome
delivery to lysosomes, thus indicating increased autophagy. These results confirm that
KapB upregulates autophagic flux (Robinson and Corcoran, unpublished).

1.8.2 KapB Mediated PB Dispersal Requires Autophagy

Several lines of evidence indicate that PB disassembly is regulated by autophagy
and perhaps, selective autophagy. Utilizing the PB resident protein Edc3-mCh as a

marker for PB assembly in yeast, Buchan and Parker (2013) determined that disruption to
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Atgl5 resulted in an accumulation of Edc3-mCh in intra-vacuolar compartments targeted
by autophagy. This PB marker accumulation implies PB clearance may be facilitated by
bulk autophagy (Buchan, Kolaitis, Taylor, & Parker, 2013). Moreover, activation of bulk
autophagy with rapamycin enhanced PB clearance and this clearance was prevented
using an ULK 1 complex inhibitor (Hardy, Shinde, Wang, Wendt, & Geahlen, 2017).
These results suggest PB disassembly can be mediated by bulk autophagy. There is also
evidence indicating selective autophagy may participate in PB clearance. GFP-DCP1A
co-localizes with fluorescently-tagged selective autophagy receptors p62 and NDP52
(Buchan et al., 2013; H. Guo et al., 2014). Moreover, PB protein sequence analysis
identifies putative LIR sequences in DCP1A, DDX6, and XRN1 suggesting a role for
selective autophagic regulation of PB disassembly (Corcoran, unpublished).

Given evidence that bulk and selective autophagy regulate PB disassembly and
that KapB causes PB disassembly and upregulates autophagic flux, the Corcoran lab
investigated if autophagy was a requisite intermediate in PB clearance. Several
experiments support this hypothesis. Treatment of cells with autophagy inducer Torin
decreased the number of PBs detected per cell. RNA interference to decrease the levels of
essential autophagy genes (Atg5) and pharmacological inhibition of late-stage autophagy
(bafilomycin, chloroquine) in KapB expressing cells reversed PB dispersal. Moreover,
preliminary results indicate certain PB proteins such as DCP1A or XRN1 decrease in
level with Torin treatment and accumulate with bafilomycin and chloroquine treatment.
In conclusion, our data thus far suggest that KapB upregulates autophagy to facilitate PB

disassembly.
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1.8.3 Objectives

We know that KapB induces autophagic flux and that autophagy is a requirement

for KapB-mediated PB disassembly. However, we do not know if KapB induces selective

targeting of PBs to phagophores, or whether this effect stems from upregulated bulk

autophagic flux. Likewise, the relationship between autophagic degradation of PBs and

implications for ARE-mRNA remains unknown. Given these questions, the objective of
my M.Sc. research was to determine (1) whether KapB engages selective autophagy to
promote degradation of PBs and (2) how manipulating autophagic flux impacts ARE-
mRNA levels in response to KapB expression.

1.8.4 Overview

To investigate whether KapB engaged selective autophagy to cause PB
disassembly, I used two parallel approaches. First, since there were no tools available for
directly assaying selective autophagy of PBs, I developed of fluorescence-based assay to
monitor turnover of two different PB-resident proteins. I reasoned that if the PB-tagged
constructs were subject to autophagic turnover independent of other cytosolic cargo,
these data would strongly support KapB-induced selective PB autophagy. I showed that
two PB resident reporter proteins were degraded by autophagy, but my data were
inconclusive as to whether KapB expression increased the catabolism of PB components
more or less than other cytosolic cargo. Second, I created recombinant lentivirus
expressing shRNAs that targeted known selective autophagy receptors and determined
that the knockdown of only one of these, NDP52, reversed KapB-mediated PB

disassembly. I also determined that NDP52 was required for KapB-mediated ARE-
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mRNA stabilization in a luciferase reporter assay. Using qPCR, I characterized several
endogenous ARE-mRNAs and showed that many upregulated in response to KapB
expression; however, preliminary data showed that the knockdown of NDP52 only
decreased steady-state levels of one ARE-mRNA, GM-CSF, in KapB-expressing cells.
In summary, my research elucidates a novel mechanism of PB regulation by the
viral protein KapB, in which NDP52 mediates selective PB protein catabolism leading to
PB disassembly. Furthermore, disassembly of PBs inversely correlates with increases in
inflammatory ARE-mRNA levels, providing new insight into the mechanism by which
selective autophagy promotes inflammatory mRNA expression. This work enhances our
understanding of how KapB establishes an inflammatory immunological niche that is

required for KSHV latent infection and tumourigenesis.
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Chapter 2 Materials and Methods

2.1 Cell Culture

All cells were grown at 37 °C in a humidified chamber with 5% CO; and 20% O..
Human embryonic kidney 293T cells (HEK293T) (ATCC) and human cervical epithelial
carcinoma cells, (HeLa cells) expressing a tetracycline regulated trans-activator (HeLa
Tet-Off) (Clontech) were cultured in Dulbecco’s Minimal Essential Medium (DMEM)
(Thermo Fisher) supplemented with 100 U/mL penicillin, 100 pg/mL streptomycin, 2
mM L-glutamine (1% PSQ) (Thermo Fisher) and 10% heat-inactivated fetal bovine
serum (HI-FBS) (Thermo Fisher). Cells were sub-cultured at 90% confluency using
0.05% trypsin-ethylenediaminetetraacetic acid (EDTA) (0.2 mg/mL) (Thermo Fisher)
and media was refreshed every 48h or as needed.

Primary human umbilical vein endothelial cells (HUVECs) (Lonza) were cultured
in endothelial cell growth medium (EGM-2) (Lonza). EGM-2 consisted of endothelial
basal medium (EBM-2) (Lonza) supplemented with 2% FBS, 0.04% hydrocortisone,
0.4% human fibroblast growth factor-B, 0.1 % vascular endothelial growth factor
(VEGF), 0.1% long arginine-3 insulin-like growth factor, 0.1% ascorbic acid, 0.1%
human epidermal growth factor, gentamicin sulfate (30 pg/mL), amphotericin (15
ng/mL) and 0.1% heparin. HUVECSs were seeded onto tissue culture plates pre-coated
with 0.1% (wt/vol) porcine gelatin (Sigma-Aldrich) in phospho-buffered saline pH 7.4
(PBS [137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPOj4, 1.8 mM KH>PO4, 1 mM
CaCl+2H0, 0.5 mM MgCl,*6H>0]). EGM-2 was refreshed every 48h or as needed.

HUVECs were sub-cultured using 0.05% trypsin-EDTA at ratios of 1:3 or 1:4 into 6-well
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plates and 1:6 or 1:8 into 12-well plates. All experiments were completed using HUVECs
between passage 5 and 8.

The renal carcinoma cell line, iISLK.219 was a kind gift from Don Ganem
(University of California San Francisco) (Myoung & Ganem, 2011; Stiirzl, Gaus, Dirks,
Ganem, & Jochmann, 2013). iISLK.219s were cultured in DMEM supplemented with 1%
PSQ, HI-FBS and puromycin (puro) (1 pg/mL). Cells were sub-cultured at 90%
confluency using 0.05% trypsin-EDTA and media was refreshed every 72h or as needed.
Briefly, iSLK.219s were constructed as follows. Cells contain a doxycycline (DOX)-
inducible replication and transcription activator (RTA) and harbour recombinant
KSHV.219 virus which contains a RFP/GFP/puro cassette (Myoung & Ganem, 2011;
Vieira & O’Hearn, 2004). iSLK.219 cells constitutively express puromycin N-acetyl-
transferase and GFP, which permit selection of infected cells with puromycin (1 pg/mL)
and the visual identification of cells that harbour the virus cassette (Myoung & Ganem,
2011; Vieira & O’Hearn, 2004). RFP expression is under the control of a PAN promotor
that is activated in response to RTA expression (Myoung & Ganem, 2011; Vieira &
O’Hearn, 2004).

2.2 Drug and Conditioned Media Treatments

2.2.1 Drug Treatments

Cells were treated with the appropriate DMSO vehicle control and one or more of
the following drugs at the concentrations and durations described in Table 1. Torinl
(Torin) is an autophagy inducer which inhibits mTORC1/2; autophagy inhibitor
bafilomycin A1 (bafilomycin) inhibits vacuolar H'-ATPase activity resulting in a

inhibition of autophagosome and lysosome fusion and lysosomal acidification (Galluzzi,
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Bravo-San Pedro, Levine, Green, & Kroemer, 2017; Thoreen et al., 2009; Yamamoto et
al., 1998). Chloroquine also inhibits autophagy by preventing the fusion of lysosomes
and autophagosomes (Mauthe et al., 2018). Carbonyl cyanide 3-chlorophenylhydrazone
(CCCP) is a protonophore and oligomycin is an inhibitor of membrane bound
mitochondrial F1Fo-ATP synthase; both compounds uncouple oxidative phosphorylation
and stimulate mitophagy (Georgakopoulos, Wells, & Campanella, 2017; Kwon, Viollet,
& Yoo, 2011; J. W. Park et al., 1997; Penefsky, 1985; Phospholipids & Energy, 1973).
NH4Cl is a H+ ionophore which inhibits lysosomal acidification (Klionsky et al., 2012;
Mizushima et al., 2010). MG-132 is a peptide aldehyde that inhibits the proteolytic
activity of the 26S proteasome complex (Rock et al., 1994; Tsubuki, Saito, Tomioka, Ito,
& Kawashima, 1996). Lipopolysaccharide (LPS) is a bacterial endotoxin that activates
toll-like receptors (TLRs) 4 which stimulate the transcription of inflammatory molecules,
including many transcripts that contain AREs (Akira & Takeda, 2004; B. S. Park & Lee,
2013). Following treatment with one or more drugs, cells were prepared accordingly for
immunoblotting, total RNA lysis, live-cell imaging or flow cytometry.

2.2.2 Conditioned Media Treatment

2 x 10°iSLK.219 cells (latently infected with KSHV.219 virus) were sub-cultured
into a 10 mL cell culture dish and grown without puromycin for 72h. At 72h, conditioned
media was reserved and cleared of cellular debris by centrifugation at 500G for 5 min.
Supernatant was collected and filtered through a 0.22 uM polyethersulfone (PES)
membrane filter (VWR) and stored in aliquots at -80. Prior to the experiment,

conditioned media was thawed at 37°C and combined 1:1 with fresh HUVEC EGM-2
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media and used to treat vector or KapB-expressing HUVECs for 0 or 6h prior to total
RNA harvest.

Table 1: Duration, source and concentration of drug treatments used in this study

Drug Company Catalogue Cell type Concentration Duration
(b

Torinl Sigma- 475991 HUVEC 250 nM 4
Aldrich HEK293T 250 nM 6 or 24

Bafilomycin-  Sigma- B1793 HUVEC 10 nM 4

Al Aldrich

HEK293T 100 nM 6 or 24

Chloroquine  Sigma- C6628 HUVEC 25 uM 4
Aldrich

cccp Sigma- C2759 HEK293T 10 uM 6 or 24
Aldrich

Oligomycin ~ Sigma- 75351 HEK293T 1 pg/mL 6
Aldrich

MG-132 Selleckchem  S2619 HUVEC 4

LPS Sigma- L3129 HUVEC 1 pg/mL 0,6, 12
Aldrich

NH4Cl Sigma- 254134 HEK293T 50mM 1
Aldrich

2.3 Plasmids and Cloning

The plasmids used and/or generated in this study are listed in Table 2. All
constructs generated in this study were confirmed using Sanger DNA sequencing

(GENEWIZ).
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Table 2: Plasmids used in this study

Plasmid Source
mKeima-red-Mito-7 (Mito-mKeima) Addgene #56018
mKeima-C1 Addgene #54546
mKeima-DCP1A This study
mKeima-DDX6 This study
mKeima-LC3 This study
mKeima-N1 Addgene #54597
pBMN mCh NDP52 C443K Addgene #119685
pBMN mCh NDP52 C443K V136S Addgene #119686
pcDNA 3.1 (+) Invitrogen

pcDNA KapB BCBLI

pcDNA FLAG-MK2EE

pLIM1 bsd

pLIM1 bsd EGFP

pLIM1 bsd EGFP LC3

pLIM1 bsd KapB (pulmonary KS)
pLIM1 bsd mCh

pLIMI puro

pLIMI puro MK2EE

pLIMI puro RFP-NDP52

pLIMI puro RFP-NDP52 V248A
pLIM1 puro/bsd mCh-NDP52 C443K
pLIM1 puro/bsd mCh-NDP52 C443K
V136S

pLKO.1 bsd shNDP52-3

pLKO.1 bsd shNDP52-4

pLKO.1 TRC bsd

pLKO.1 TRC puro

pLKO.1 TRC puro shNDP52-1
pLKO.1 TRC puro shNDP52T-2
pLKO.1 TRC puro shOPTN-1
pLKO.1 TRC puro shOPTN-2
pLKO.1 TRC puro shp62
pMD2.G

psPAX2

pT7-EGFP-DCP1A-Cl
pT7-EGFP-DDX6-C2

pTRE2 Firefly Luciferase-ARE
pTRE2 Renilla Luciferase

RFP-NDP52 V248A

RFP-NDP52

Craig McCormick (Dalhousie University)
Craig McCormick (Dalhousie University)
Craig McCormick (Dalhousie University)
Addgene #19319

Craig McCormick (Dalhousie University)
Craig McCormick (Dalhousie University)
Craig McCormick (Dalhousie University)
Addgene #91980

Craig McCormick (Dalhousie University)
This study

This study

This study

This study

This study

This study

Addgene #10878

Addgene #26655

This study

This study

This study

This study

This study

Addgene #12259

Addgene #12260

Addgene #25030

Addgene #25033

Craig McCormick (Dalhousie University)
Craig McCormick (Dalhousie University)
Dr. Andreas Till (University Hospital of
Bonn)

Dr. Andreas Till (University Hospital of
Bonn)
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2.3.1 Short Hairpin RNAs Selection and Cloning

shRNA sequences were designed to target either the coding sequence or 3’-
untranslated region (3’-UTR) of NDP52, OPTN and p62. Target sequences were
identified using the Genetic Perturbation Portal of the Broad Institute. In brief, sShRNA
sequences were selected based on the % GC content, 3’ stability and the absence of
repeating bases, restriction sites, internal stem-loop structures and off-target effects.
Forward and reverse oligomers were ordered from Thermo Fisher with homology to the
desired expression plasmid pLKO.1 with the following sequences:

Forward oligomer: 5° CCGG - sense target sequence - CTCGAG- antisense target
sequence —TTTTG.

Reverse oligomer: 5’AATTCAAAAA- sense target sequence - antisense target sequence -
3

Oligonucleotide sequences are listed in Table 3. Annealed forward and reverse oligomers
were ligated into Agel and EcoRI digested pLKO.1 TRC puro or pLKO.1 bsd. All

restriction enzymes were purchased from New England Biolabs.
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Table 3: shRNA sequences

shRNA shRNA sequence Target Seq

target

Non-targeting 5’ CCGGAGCACAAGCTGGAGTACAACTACTCGA

— Forward GATCAACATGAGGTCGAACACGATTTG 3’

Non-targeting 5 AATTCAAAAAGCACAAGCTGGAGTACAACTA

— Reverse ATCAACATGAGGTCGAACACGATTTG 3’

NDP52(1)- 5> CCGGGAGCTGCTTCAACTGAAAGAACTCGA CDS

Forward GTTCTTTCAGTTGAAGCAGCTCTTTTTG 3’

NDP52(1)- 5> AATTCAAAAAGAGCTGCTTCAACTGAAAGAA  CDS

Reverse CTCGAGTTCTTTCAGTTGAAGCAGCTC 3’

NDP52(2)- 5> CCGGGACTTGCCTATGGAAACCCATCTCGAG CDS

Forward ATGGGTTTCCATAGGCAAGTCTTTTTG 3°

NDP52(2)- 5> AATTCAAAAAGACTTGCCTATGGAAACCCAT CDS

Reverse CTCGAGATGGGTTTCCATAGGCAAGTC 3’

NDP52(3)- 5 CCGGCCCTTTGTGAACTAAGTTCAACTCGAGT  3°-UTR

Forward TGAACTTAGTTCACAAAGGGTTTTTG 3’

NDP52(3)- 5> AATTCAAAAACCCTTTGTGAACTAAGTTCAA 3’-UTR

Reverse CTCGAGTTGAACTTAGTTCACAAAGGG 3°

NDP52(4)- 5> AATTCAAAAACCTGACTTGATACTAAGTGAT 3’-UTR

Forward CTCGAGATCACTTAGTATCAAGTCAGG ¥’

NDP52(4)- 5" CCGGCCTGACTTGATACTAAGTGATCTCGAG 3’-UTR

Reverse ATCACTTAGTATCAAGTCAGGTTTTTG 3°

Optineurin 5 CCGGGCACGGCATTGTCTAAATATACTCGAG CDS

(1)-Forward TATATTTAGACAATGCCGTGCTTTTTG 3’

Optineurin 5> AATTCAAAAAGCACGGCATTGTCTAAATAT CDS

(1)-Reverse ACTCGAGTATATTTAGACAATGCCGTGC 3’

Optineurin 5" CCGGGCCATGAAGCTAAATAATCAACTCGAG  CDS

(2)-Forward TTGATTATTTAGCTTCATGGCTTTTTG 3’

Optineurin 5> AATTCAAAAAGCCATGAAGCTAAATAATCA CDS

(2)-Reverse ACTCGAGTTGATTATTTAGCTTCATGGC 3’

p62-Forward 5> CCGGCCGAATCTACATTAAAGAGAACTCGAG CDS
TTCTCTTTAATGTAGATTCGGTTTTTG 3’

p62-Reverse 5> AATTCAAAAACCGAATCTACATTAAAGAGAA  CDS

CTCGAGTTCTCTTTAATGTAGATTCGG 3’

2.3.2 NDP52 Plasmid Constructs

Several NDP52 constructs were subcloned into pLIM1 to allow for virus

production and expression of the constructs in HUVECs. Red fluorescent protein (RFP)

NDP52 and RFP-NDP52 V248A were digested with Nhel and BamHI and ligated into
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Nhel- and BamHI-digested pLJIM1 puro and pLIM1 bsd. mCherry (mCh) NDP52
constructs were amplified using polymerase chain reaction (PCR) and the following
primers from pBMN mCh-NDP52 C443K V136S and pBMN mCh-NDP52 C443K
(NDP52 C443K & C443K/V136S BamHI-Forward; NDP52 C443K & C443K/V136S
EcoRI-Reverse; see Table 4 for primer sequence).The forward primer incorporated a
BamHI restriction site and a reverse primer incorporated a EcoRI restriction site. PCR
amplifications were performed using Phusion high-fidelity DNA polymerase (New
England Biolabs) according to manufacturer’s protocol. The amplification process was as
follows: denaturation (98°C for 2 min), 35 amplification cycles (95°C for 30s, 54°C for
30s, 72°C for 30s) and a final extension (72°C for 10 min). This PCR protocol was used
for all amplifications unless otherwise stated (minor adjustments in the annealing
temperature were used for different primer pairs). The BamHI- and EcoRI-digested PCR
products were ligated into BamHI- and EcoRI-digested pLIM1 puro and pLJM1 bsd. All
primers used for cloning were ordered from Thermo Fisher.

Table 4: Cloning primers used in this study

Primer Primer Sequence

NDP52 C443K & 5 TAAGCAGGATCCGCCACCATGGTGAGCAAG ¥
C443K/V136S

BamHI-Forward

NDP52 C443K & 5’ TAAGCAGAATTCCAGAGAGAGTGTTTGAACACGT 3°
C443K/V136S

EcoRI-Reverse

LC3 BspEl-Forward 5’ TAAGCATCCGGAGGAGGAGGAATGCCGTCGGAGAA

GACCT 3’
LC3 Bglll-Reverse 5 TAAGCAAGATCTATTACACTGACAATTTCATCCCG 3’
DDX6 BspEI- 5 TAAGCATCCGGAGGAGGAGGAATGGGTCTGTCCAG
Forward TCAAA 3’
DDX6 Bglll- 5 TAAGCAAGATCTTTAAGGTTTCTCATCTTCTACAGG 3’

Reverse
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2.3.3 mKeima Plasmid Constructs

LC3 and resident PB proteins, DCP1A and DDX6 were cloned into a mKeima-
containing vector to create mKeima fusion proteins. BspEI- and Sall-digested pT7
enhanced green fluorescent protein (EGFP) DCP1A was ligated into BspEI- and Sall-
digested mKeima-C1. LC3 was PCR amplified from pLIJM1 bsd LC3 GFP using a
forward primer with a BspEI restriction site and a reverse primer with a BglII restriction
site (LC3 BspEI-Forward, LC3 Bglll-Reverse, see Table 4 for primer sequences). The
BspEI- and BgllI- digested LC3 PCR product was ligated into BspEI- and BglIlI-digested
mKeima-C1. DDX6 was PCR amplified from pT7 EGFP DDX6 using a forward primer
with a BspEI restriction site and a reverse primer with a BglII restriction site (DDX6
BspEI-Forward, DDX6 Bglll-Reverse, see Table 5 for primer sequence). The BspEI- and
Bglll-digested DDX6 PCR product was ligated into BspEI- and BglIII- digested
mKeima-C1.

2.4 Transfection

HEK293T cells were seeded at 60% confluency into 6-well plates. Cells were
washed twice with PBS and 900 pL of serum-free, antibiotic-free DMEM was added to
each well. A reaction mixture consisting of 3 pug of the plasmid(s) of interest and 9 puL of
polyethylenimine (PEI) (Sigma-Aldrich) was diluted in 100 uL of Opti-MEM (Thermo
Fisher). The reaction mixture was added to cells dropwise. 6h following transfection, the
medium was replaced with 2 mL antibiotic-free DMEM with 10% HI-FBS and 1% L-
glutamine. The plasmid constructs were expressed in cells for 48h prior to fixation for
immunofluorescence or lysis for immunoblotting.

2.5 Recombinant Lentivirus Production
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A second-generation recombinant lentivirus system was used in this study,
comprised of the following: an expression plasmid for the cell attachment and fusion
protein derived from Vesicular stomatitis virus (VSV-G; pMD2.G), a expression plasmid
for the HIV structural and transactivator genes Gag, Pol, Rev and Tat (psPAX2) which
are required for successful packaging, and a transfer plasmid containing the construct of
interest and a resistance cassette flanked by lentiviral long terminal repeats (LTRs) and a
packaging signal (pLJM1 or pLKO.1 plasmid vectors). These three plasmids were co-
transfected into a 10 cm-dish of 80% confluent HEK293Ts as follows. Cells were washed
twice with PBS and 4 mL of serum-free, antibiotic-free DMEM was added to the dish. A
reaction mixture consisting of 1 pg of pMD2.G, 2 pg of psPAX2, 3.3 pg of the lentiviral
transfer vector and 18 pL of PEI diluted in 1 mL of Opti-MEM was added to cells,
dropwise. 6h following transfection, the cell medium was replaced with 10 mL antibiotic-
free DMEM containing 10% HI-FBS and 1% L-glutamine. 48h later, virus-containing
supernatant was collected and filtered through a 0.45 pm PES membrane filter, aliquoted
into sterile Iml Eppendorf tubes, and stored at -80°C until use.

2.6 Lentiviral Transduction

Prior to transduction, HUVECs or HeLa Tet-Off cells were washed with PBS and
complete cell culture media (see section 2.1) supplemented with 5 pg/mL hexadimethrine
bromide (polybrene) (Sigma-Aldrich) was added to the dish. Lentiviral-containing
supernatants were thawed at 37°C in a water bath. Lentiviral-containing supernatants at a
dilution of 1:10 to 1:50 (relative to the total volume of media in the cell culture dish)
were added to cells dropwise. 24h later virus-containing media was replaced with

complete cell culture media supplemented with puro (1ug/mL) or blasticydin (bsd) (5
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pg/mL) and transduced cells were selected for 48h or 96h, respectively. Cells recovered
for 24h in complete media without selection antibiotics prior to further manipulation.

2.7 Immunofluorescence, Fluorescent Imaging & Microscopy

2.7.1 Immunofluorescence Staining for Confocal Microscopy

Cells were seeded onto #1.5 coverslips and after experimental manipulation were
fixed for 10 mins at 37 °C in 4% (v/v) paraformaldehyde (Electron Microscopy Sciences)
diluted in PBS. Following fixation, cells were washed 3 times in PBS and were stored at
4°C until further use. Cells were permeabilized with 0.1% (v/v) Triton X-100 (Sigma-
Aldrich) diluted in PBS for 10 min at room temperature (RT) and were washed 3 times
with PBS before being blocked in 1% human AB serum (Sigma-Aldrich) diluted in PBS
for 1 hour at RT. Primary antibodies were diluted in 1% human AB serum in PBS and
used at the concentrations and duration dictated in Table 5. Following primary antibody
incubation, cells were washed 4 times with PBS before incubation for 1h at RT with one
or more secondary antibodies (diluted in 1% human AB in PBS) (Table 5).

Subsequently, cells were washed 4 times with PBS. If cells were stained for F-actin,
coverslips were incubated in Alexa Fluor 647 phalloidin (Thermo Fisher A22287) diluted
1:200 in PBS for 75 min at RT. Cells were washed twice with PBS and mounted onto a
microscope slide with Prolong Gold AntiFade mounting media (Thermo Fisher).
Coverslips were cured overnight (O/N) and were visualized at the Cellular and Molecular
Digital Imaging Facility at Dalhousie University using the Zeiss LSM 510 Meta Laser-
Scanning Confocal microscope 40X, 60X or 100X oil immersion objectives and the
Argon (458/477/488/514 nm), HeNe (548 nm), or HeNe (633 nm) lasers. Neutral
mKeima fluorescence was detected using the Argon 458 nm laser and a 580/20 nm
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emission filter; acidic mKeima fluorescence was detected using a HeNe 543 nm laser and
a 670/20 nm emission filter. Images within an experiment were obtained with the same
laser power, exposure time, and gain and were processed using Zen Lite Blue software.

Table 5: Primary and secondary antibodies used for immunofluorescence

Antibody Species Company  Catalogue  Dilution Time &
Temp
DDX6 Rabbit Bethyl A300-461A 1:1000 4°C O/N
Hedls Mouse Santacruz Sc-8418 1:1000 4°C O/N
KapB Rabbit Generous gift from Craig  1:1000 RT 1h
McCormick & Don
Ganem
FLAG Rabbit Sigma- F7425 1:400 4°C O/N
Aldrich
LAMP2 Mouse AbCam Ab25631 1:500 4°C O/N
NDP52 Rabbit AbCam Ab68588 1:500 4°C O/N
TOM20 Rabbit Santacruz Sc-11415 1:500 4°C O/N
Alexa Fluor 555-  Donkey Thermo A31570 1:1000 RT, 1h
conjugated Fisher
donkey anti-
mouse [gG H+L
Alexa Fluor 555-  Donkey Thermo A31572 1:1000 RT, 1h
conjugated Fisher
donkey anti-
rabbit [gG H+L
Alexa Fluor 488-  Chicken Thermo A21200 1:1000 RT, 1h
conjugated Fisher
chicken anti-
mouse IgG H+L
Alexa Fluor 488-  Chicken Thermo A21441 1:1000 RT, 1h
conjugated Fisher
chicken anti-
rabbit [gG H+L
Alexa Fluor 647-  Chicken Thermo A21443 1:1000 RT, 1h
conjugated Fisher
chicken anti-
rabbit [gG H+L
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2.7.2 Immunofluorescence Staining for Fluorescence Imaging and Cell Profiler Analysis

Cells were seeded onto coverslips and fixed as above. Prior to permeabilization,
cells were stained with wheat germ agglutinin (WGA) Alexa 647 conjugate (Thermo
Fisher; W32466) diluted 1:400 in PBS for 10 min at RT. WGA is a lectin that has high
affinity for glycans; sialic acid and N-acetylglucosamine. WGA is often used to stain the
plasma membrane; we used WGA staining to identify the outer boundaries of the cell
although some of the lectin is internalized and binds intracellular carbohydrates (Figure
2.1). Cells were washed, blocked and incubated in primary antibody (Hedls, KapB or
FLAG) and secondary antibody as in section 2.7.1 (Table 5). Following secondary
antibody, cells were washed 4 times with PBS and stained with 4’,6-diamidino-2-
phenylindole (DAPI) (Thermo Fisher; D1306) (1 pg/mL) diluted 1:10 000 in PBS.
Coverslips were mounted and cured as previously described. Imaging was performed on
the Zeiss Axiolmager Z2 40X oil immersion objective using the HXP 120V light source.
4 channels with different excitation (ex.) and emission (em.) filters were used to image
cells as follows: DAPI (ex. 335-383 nm, em. 420-495 nm), GFP (ex. 450-490 nm, em.
500-550 nm), dsRed (ex. 533-558 nm, em. 570-640 nm) and Cy5 (ex. 625-655 nm em.
665-715 nm). At least 5 fields of view were obtained per treatment, imaging 60+ cells per
condition per experiment (for each independent biological replicate). For each
experiment, channel exposures and intensities were unchanged throughout imaging.
Images were exported (separate channels) as TIF files and inputted into CellProfiler.

2.7.3 Cell Profiler and Processing Body Quantification

2.7.3.1 Cell Profiler Pipeline
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Image analysis was performed using CellProfiler (cellprofiler.org), an open
source software for image analysis (Carpenter et al., 2006). The pipeline used was
designed by E.L. Castle. In brief, nuclei were detected as primary objects using automatic
thresholding of the DAPI image (see Figure 2.1 for representative images in the cell
profiler pipeline). Cell boundaries were identified by detecting the outer edge of cells in
WGA-stained channel images. Individual cells were identified as secondary objects by
using the propagate function from the identified nuclei and from the WGA-determined
cell outer edge. Following a series of enhancement and masking steps, Hedls puncta were
measured in the cytoplasm of cells using a global thresholding with robust background
adjustments. The number of Hedls puncta per cell were measured and exported as .csv
files.

2.7.3.2 R Analysis of Cell Profiler Output

A R script developed by E. L. Castle on Rstudio was used to analyze CellProfiler
output. CSV files exported by cell profiler contain information on PB presence and
absence for each cell analyzed; the R-script was designed to assign treatment conditions
to each cell and determine the mean number of Hedls puncta per cell per condition was
determined. The error and significance of puncta counts within a given experiment was
determined using a negative binomial model, commonly used for count data with unequal
variance.

2.7.4 Live-Cell Imaging

HEK293T cells were plated onto a 33-mm glass-bottomed dish (#1.5, glass
diameter, Grenier Bio-One). Before imaging, cell media was replaced with phenol-red

free DMEM (Thermo Fisher) containing L-glutamine (2 mM), D-glucose (4.5 g/L) and
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input image cycle #1 Nuclei
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Figure 2.1: Cell Profiler pipeline for identifying the number of PBs in cells. Cells
were stained for immunofluorescence with primary antibody for Hedls (PBs) and dyes for
DAPI (nuclei) and WGA (cell boundary). Images were imported into the cell profiler
pipeline. Automatic thresholding of images identified the nuclei and outer boundaries of
cells using DAPI and WGA staining respectively. Individual cells and the cytoplasm
were identified by subtracting the outline of the nuclei from the cell boundary. Hedls
puncta (P_bodies, PBs) were identified in the cytoplasm and the number of Hedls puncta
per cell was measured and exported as .csv files.
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4-2-hydroxyethyl-1-piperazineethanesulfonic acid (HEPES) (25 mM). Cells were imaged
using the Zeiss LSM 510 Meta Laser Scanning Confocal Microscope as described in
section 2.1. Cells were imaged within 10 mins of removal from a cell culture incubator to
reduce impacts of having no temperature, humidity and CO> control on cell viability and
mKeima fluorescence. Images within the same experiment and condition were obtained
using the same laser power, exposure and gain and were processed using Zen Lite Blue
software.

2.8 Protein Electrophoresis and Immunoblotting

Cells were washed with PBS, lysed in an appropriate volume of 2X Laemmli
buffer (120 mM Tris-HCI, pH 6.8, 4% sodium dodecyl sulfate [SDS], 20% glycerol) and
stored at -20°C until use. Upon thawing, cell lysates were mechanically sheared by
passing the lysate through a 21-gauge needle. The DC Protein Assay (Bio-Rad) was used
to quantify protein concentration as per the manufacturer’s instructions. 10uL of 300mM
dithiothreitol (DTT) (Sigma-Aldrich) and SuL of 0.1% bromophenol blue diluted in
dH>O (Sigma-Aldrich) was added to lysates prior to boiling lysates for 5 min at 95°C. 10-
15 pg of protein was separated by TGX Stain-Free FastCast Acrylamide gel Kits, (12%
or 7.5%; Bio-Rad) and SDS-polyacrylamide gel electrophoresis (SDS-PAGE). TGX
Stain-Free gels were activated using the ChemiDoc Touch Imaging system (Bio-Rad) and
protein was transferred to polyvinylidene membranes (PVDF) (Bio-Rad) using the Trans-
Blot Turbo transfer system (Bio-Rad). Total protein on PVDF membranes was visualized
using the ChemiDoc Touch Imaging system. Membranes were blocked in either 2.5%
bovine serum albumin (BSA) (Bioshop) or 2.5% skim milk diluted in Tris-buffered saline

(TBS) (50 mM Tris-HCL pH 7.5, 150 mM NaCl) with 0.01% Tween 20 (TBST) (Sigma-

51



Aldrich) or for 45 min at RT. Primary antibodies were diluted (as in Table 6) in 2.5%
BSA or skim milk in TBST and were incubated O/N rocking at 4°C. Membranes were
washed 2 times for 10 mins with TBST and then incubated with a secondary IgG
antibodies conjugated to horseradish peroxidase diluted in 2.5% BSA or skim milk in
TBST (Table 6). Membranes were washed 4 times for 5 mins with TBST and were
incubated in Clarity Western ECL substrate (Bio-Rad). The ChemiDoc Touch Imaging
system was used to visualize chemiluminescence signal. Where appropriate, protein band
intensity was normalized to total lane protein using Bio-Rad Image Lab software.

The following amendments apply to samples immunoblotted for mKeima. 40-100
pg of protein was separated by SDS-PAGE; a large amount of protein lysate was required
due to small amounts of processed mKeima. Following transfer, PVDF membranes were
blocked in 5% skim milk diluted in PBS for 45 min at RT. Membranes were incubated
O/N in mKeima antibody diluted in PBS with 0.01% Tween (PBST) and PBST was used

for all membrane washes. Secondary antibody was diluted in 2.5% skim milk in PBST.
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Table 6: Primary and secondary antibodies used for immunoblotting

Antibody Species Company Catalogue Dilution Time &
Temp
p62 Rabbit CST 7695 1:1000 4°C O/N
NDP52 Rabbit CST 60732 1:1000 4°C O/N
KapB Rabbit Generous gift from Craig 1:1000 4°C O/N
McCormick (Dalhousie
University) & Don Ganem
(UCSF)
mKeima Mouse MBL M182-3M 1:1000 4°C O/N
OPTN Rabbit AbCam Ab23666 1:1000 4°C O/N
Anti-mouse CST 7076 1:1000- 1h RT
IgG HRP- 1:4000
linked
antibody
Anti-rabbit CST 7074 1:2000- 1h RT
IgG HRP- 1:4000
linked
antibody

2.9 Luciferase Reporter Assay for AU-Rich Element mRNA-

Mediated Decay

A luciferase assay developed by Corcoran, Khaperskyy, & McCormick (2011)
was used to determine impact of selective autophagy receptors on KapB- or MK2EE-
induced ARE-mRNA stabilization. HeLa Tet-Off cells were transduced with recombinant
lentivirus expressing a NS shRNA or an shRNA targeting NDP52, OPTN or p62.
Following selection, 10° HeLa Tet-Off cells were seeded into a 12-well plate. 24h later,
cells were co-transfected with a reaction mix as follows: 90 ng pTRE2 Firefly Luciferase
ARE, 10 ng pTRE2 Renilla Luciferase, 900 ng of pcDNA (+) 3.1, pcDNA KapB BCBL
or pcDNA FLAG-MK2EE diluted in 50 puLL Opti-MEM supplemented with 3 pL of

Fugene HD Transfection Reagent (Promega). 36h post transfection, DOX (1 pg/mL)

53



(Sigma-Aldrich) was added to cells to inhibit de novo transcription of the Firefly
Luciferase ARE and Renilla Luciferase. 12h later cells were lysed in 200uL of 1X
passive lysis buffer (Dual Luciferase Assay Kit, Promega) and were rocked for 15 min at
RT before freezing at -20°C until further use. Lysates were processed according to the
manufacturer’s instructions (Dual Luciferase Assay Kit, Promega) and a GloMax 20/20
luminometer (Promega) was used to determine the Firefly and Renilla luciferase
luminescence (expressed as relative light units [RLUs]) of each sample. The Firefly
RLUs was normalized to the Renilla RLUs to account for differences in transfection
efficiency and results are expressed as relative luciferase activity. The mean fold change
in the relative luciferase activity of samples relative to controls was calculated to express
changes between samples in ARE-mRNA stabilization.

2.10 Quantitative PCR

Cells were lysed for total RNA according to the manufacturer’s instructions
(RNeasy Mini Kit, Qiagen) and stored at -80°C until further use. The QIAshredder
(Qiagen) and the RNeasy Mini Kit (Qiagen) were used to extract total RNA from
samples; extracted RNA was stored at -80°C until further use. RNA concentration was
determined and depending on total RNA harvest, between 100 ng and 1 pg of total RNA
was reverse transcribed using Maxima H Minus First Strand cDNA Synthesis Kit
(Thermo Fisher) using a combination of random and oligo (dT) primers according to the
manufacturer’s instructions. cDNA was diluted 1:5 for all gPCR reactions. qPCR reaction
mixes were assembled in duplicate as follows: SuL qPCR GoTaq qPCR Master Mix
(Promega), 0.2 uM forward primer, 0.2 uM reverse primer, 4 pL of diluted cDNA, up to

10uL nuclease free water. Reaction mixes were subjected to the following qPCR cycling
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conditions: initial denaturation (95°C for 3 min), 40 cycles of denaturation (95°C for 10s),
annealing and extension (58°C for 30s), 1 cycle of final extension (65°C for 5s followed
by 95°C for 5s).

The AAquantitation cycle (Cq) method was used to determine the fold change in
expression of target transcripts in one sample, relative to the expression of the target
transcript in a chosen control sample as is shown below:

Fold change = 2~ [ACattarget sampie)=ACq(control sample)],

The ACq value was determined by subtracting the mean Cq of the target gene
from the mean Cq of the chosen reference gene (HPRT-1, B2M, 18S). The stable
expression and efficiency of the reference genes HPRT-1, B2M and 18S was previously
confirmed. gqPCR primer sequences are in Table 7 and were ordered from Thermo Fisher.

Table 7: qPCR and ddPCR primer sequences

Primer

Primer Sequence

HPRT-1- Forward
HPRT-2 - Reverse
18S - Forward

18S - Reverse
B2M - Forward
B2M - Reverse
IL-6 - Forward
IL-6 - Reverse
CXCLS - Forward
CXCLS8 - Reverse
IL-1p - Forward
IL-1B - Reverse
TNF - Forward
TNF - Reverse
GM-CSF - Forward
GM-CSF - Reverse
COX-2 - Forward
COX-2 - Reverse
VEGTF - Forward
VEGF — Reverse

5’ CTTTCCTTGGTCAGGCAGTATAA 3’
5" AGTCTGGCTTATATCCAACACTTC ¥’
5> TTCGAACGTCTGCCCTATCAA 3°

5" GATGTGGTAGCCGTTTCTCAGG 3’
5> TTTCCATTCTCTGCTGGATGA C 3’
5" TGCTGTCTCCATGTTTGATGTA 3°
5" GAAGCTCTATCTCGCCTCCA 3’

5’ TTTTCTGCCAGTGCCTCTTT 3’

5> AAATCTGGCAACCCTAGTCTG 3°

5" GTGAGGTAAGATGGTGGCTAAT 3°
5> CTCTCACCTCTCCTACTCACTT 3’
5" TCAGAATGTGGGAGCGAATG 3’

5’ TCGAACCCCGAGTGACAA 3’

5> AGCTGCCCCTCAGCTTG 3’

5" AAATGTTTGACCTCCAGGAGC C 3’
5" ATCTGGGTTGCACAGGAAGTT 3’
5" CCCTTGGGTGTCAAAGGTAA 3°

5 GCCCTCGCTTATGATCTGTC 3’

5" CGAGACCTTGGTGGACATC 3’

5’ CTGCATGGTGACGTTGAAC 3°
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2.11 Droplet Digital PCR

RNA extraction and cDNA synthesis were performed as in section 2.10. cDNAs
were diluted 1:4 for reaction mixes with IL-6, CXCLS, HPRT-1 & COX-2 primers and
1:200 for reaction mixes with B2M (see Table 7 for primer sequences). A ddPCR
reaction mix was produced as follows: 4 uL. cDNA, 0.2 uM forward primer, 0.2 reverse
primer uM, 10uL QX200 EvaGreen ddPCR Supermix (Biorad), up to 20 uL nuclease
free water. 20uL of the ddPCR reaction mix was added to the sample wells of the DGE
Cartridge for QX100/QX200 Droplet Generator (Bio-Rad) and 65 pL. Droplet Generation
Oil for EvaGreen (Bio-Rad) was added to the appropriate oil wells of the cartridge. The
cartridge was loaded into the QX200 Droplet Generator to partition the cDNA into oil
emulsion droplets. The oil droplets were transferred to a 96-well plate (Eppendorf) and
the plate was sealed with a Pierceable Foil Heat Seal (Bio-Rad) using the PX1 PCR Plate
Sealer (180°C for 6s). PCR amplification on the droplets was completed using the C1000
Touch instrument (Bio-Rad) as follows: initial denaturation and Taq activation (95°C for
5 min), 50 cycles of denaturation (95°C for 30s), annealing (58°C for 1 min) and
extension (72°C for 1 min), a signal stabilization step (4°C for 5 min followed by 90°C
for 5 min) and a final hold at 4°C. The ramp rate was 2°C/s. After PCR, plates were
loaded into QX200 Droplet Reader (Bio-Rad) for detection.

The absolute concentration of each target transcript present in the sample
(copies/uL) is calculated by modelling the data as a Poisson distribution where:

Copies of transcript per sample/pL = -In(1-P)

P = number of positive droplets
total number of droplets
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To achieve data normalisation the following method was used:

Normalized sample amount (NSA) = copies of transcript of interest in sample
copies of reference transcript in sample

Fold change in expression = NSA of sample of interest
NSA of control sample

This method allows the determination of the fold change in expression of a target
transcript of one sample relative to a chosen control sample.

2.12 Flow Cytometry

Treated cells were washed twice with PBS, and isolated by centrifugation for 5
min at 500G. Cells were resuspended in either neutral flow cytometry buffer (1x PBS, 1
mM EDTA, 1% HI-FBS, 25 mM HEPES, final pH 7.3-7.5) or acidic flow cytometry
buffer (1x PBS, 1 mM EDTA, 1% HI-FBS, 25 mM HEPES, final pH 5). DAPI (200
ng/mL) was added to each sample as a viability marker. Cells resuspended in the acidic
flow cytometry buffer were incubated for ~20 min prior to flow cytometry analysis.

Cells were analyzed by flow cytometry using the LSR Fortessa (BD Biosciences),
at least 100,000 events were counted for each condition using the laser excitations and
emission optical filter sets described in Table 8. Flow cytometry and compensation was
performed by Derek Rowter or Renee Raudonis (Flow Cytometry Facility, Dalhousie
University). Cell doublets were excluded from further analysis using the forward (FSC)
and side scatter (SSC) measurements. Each condition was subsequently gated for double
positive neutral and acidic mKeima-expressing cells that were DAPI-negative. In brief, as
seen in Lazarou et al., (2015) & Nezich, Wang, Fogel, & Youle (2015), a gate was set to
determine the percent of cells displaying high acidic mKeima expression relative to that

seen in the vehicle control for each mKeima construct (see section 2.12.1 and Figure 2.2
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for more detail). Gating analysis was completed using FCS express 6 Plus Research
Edition (De Novo Software).

Table 8: Optical filter excitations and emissions for detecting mKeima-constructs

Filter Number Peak Excitation (nm) Peak Emission

(nm)
Neutral mKeima- 1 405 605
detecting filters 2 405 650
3 405 610
Acidic mKeima- 4 532 610
detecting filters 5 532 660
6 628 670
DAPI-detecting 7 405 460

filter

2.12.1 Optimization of Optical Filters to Detect Neutral and Acidic mKeima fluorescence

HEK293T cells were transfected with mKeima-LC3 to determine which optical
excitation and emission filters to use for the optimal detection of neutral vs. acidic
mKeima-LC3. 48h post transfection, cells were collected in either a pH 7 flow cytometry
buffer or in a pH 5 flow cytometry buffer. mKeima-LC3 cells collected at pH 7 were
expected to emit mainly neutral mKeima signal while cells collected at pH 5 were
expected to emit an increase in acidic signal. Subsequently, three optical filters meant to
detect neutral mKeima fluorescence and three intended to detect acidic fluorescence were
tested using the mKeima-LC3 cells (see specifications in Figure 2.2).

Cells were plotted in a density plot such that the fluorescence intensity for filters
detecting neutral and acidic mKeima were on the x- and y-axis respectively (such as in
Figure 2.1B). Doublets were removed from the cell populations and a gate for mKeima-

expressing cells was applied to each cell population. For each filter set tested, an arbitrary
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gate was set to define the percent of cells expressing a high acidic to neutral mKeima
signal ratio using cells collected in the pH 7 buffer (example gate shown in Figure 2.2B;
filter set combinations shown in Figure 2.2D). Most cells in this population should have
low acidic and higher neutral mKeima signal thus, most of these cells were excluded
when creating the gate to identify cells with a high acidic to neutral mKeima fluorescence
ratio (hereafter referred to as the high acidic mKeima signal gate) (Figure 2.2B-C). The
same gate created for mKeima-LC3 cells collected in the pH 7 buffer was applied to cells
collected in the pH 5 buffer. A cell population shift towards and up the Y-axis (intended
to detect acidic mKeima fluorescence) indicates an increase in the number of cells with a
high acidic to neutral mKeima expression ratio.

For each filter set combination tested, the percent of cells in the high acidic
mKeima gate (pH 5) was normalized to the percent of cells in the high acidic mKeima
gate (pH 7) (Figure 2.2C). Of the filter combinations tested, three displayed > 20-fold
change in the percent of cells detected in the high acidic mKeima signal gate between
cells collected in neutral buffer and cells collected in acidic buffer (red boxes, Figure
2.2D). The combination of filters 3 and 5 displayed the largest fold increase in the
percent of cells with high acidic mKeima signal (23-fold) and was used in all future
experiments to detect changes in neutral and acidic mKeima signal.

2.13 Statistical Analysis

N refers to the number of biologically independent experiments conducted and is
noted in the figure legends where appropriate. Experimental data was analyzed using
GraphPad Prism 8.0 software. A two-tailed one-sample Student’s t-test was used to

determine statistical significance for data analyzed by comparing the mean fold change in
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expression of one sample to another sample. A two-way analysis of variance (ANOVA)
with a post hoc Tukey multiple comparison’s test was used to determine the statistical
significance of data analyzed by comparing sample means. Statistical significance was

determined as p < 0.05.
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Figure 2.2: Flow cytometer optical filter optimization for detecting neutral and
acidic mKeima. (A) Schematic of the mKeima excitation and emission spectrum.
Arrowheads denote where on the spectrum the parameters of the optical filters intended
to detect neutral mKeima (1-3) and acidic mKeima (filter 4-6) are located. (B-C)
HEK293T cells were transfected with mKeima-LC3. 48h post transfection, mKeima-LC3
cells were suspended in a pH 7 or pH 5 flow cytometry buffer. Cells were subjected to
live-cell flow cytometry (LSR Fortessa) using combinations of optical filters intended to
detect the neutral and acidic mKeima fluorescence intensity of cells. (B) Example of cell
gating to detect cells expressing high acidic mKeima signal. Cells were plotted in a
density plot such that the fluorescence intensity for filters detecting neutral mKeima and
acidic mKeima were on the x-axis (Filter 3) and y-axis respectively (Filter 5). A gate was
set to determine percent of cells expressing a high acidic mKeima signal for the mKeima-
LC3-expressing cells collected in pH 7 flow cytometry buffer and the same gate was
applied to cells collected in the pH 5 flow cytometry buffer. This gate is indicated by the
blue line. (C-D) The percent of cells expressing high acidic mKeima was determined for
all the filter set combinations indicated for cell populations collected in both the pH 7 and
the pH 5 buffer. Comparing the same filter sets combination (e.g. filter 3 and 5), the
percent of cells present within the high acidic mKeima detection gate for cells collected
in the pH 5 buffer was normalized to the percent of cells in the high acidic mKeima
detection gate for cells collected in pH 7 buffer. (D) The three filter combinations with
the highest fold change in the percent of cells detected in the high acidic mKeima signal
gate between cells collected in a pH 7 buffer and cells collected in a pH 5 buffer are
indicated in red boxes.
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Chapter 3 Development of a Fluorescence-Based

Method to Monitor Selective Autophagy

3.1 PB Proteins DCP1A, PatlB and XRN1 are Not Degraded by

the Proteasome

Recent evidence from our lab showed that KapB upregulates autophagy and that
autophagy is required for PB disassembly. Among this evidence included the observation
that steady-state levels of some PB-resident proteins responded to changes in autophagic
flux. To confirm and extend these observations, I investigated whether PB protein levels
were regulated by the proteasome. An alternative to autophagy, the proteasome is a major
quality control pathway responsible for targeted protein turnover (Ji & Kwon, 2017). To
investigate whether PB proteins were degraded by the proteasome or by autophagy, I
treated HUVECs with the autophagy inducer Torin, the late-stage autophagy inhibitors,
bafilomycin and chloroquine, a combination of an autophagy inducer and late-stage
inhibitor (Torin and bafilomycin) and a proteasome inhibitor (MG-132) for 4h prior to
lysis for immunoblotting of PB proteins and p62.

p62 steady-state levels inversely correlate with autophagic flux; therefore, I used
p62 immunoblotting to monitor autophagic flux and confirm the efficacy of autophagy
modulating drugs in this experiment (Mizushima, Yoshimori & Levine, 2010). As
expected, Torin treatment slightly decreased p62 indicating increased autophagy
induction, whereas treatment with either bafilomycin or chloroquine resulted in p62
accumulation indicating that the final degradative step of autophagy was blocked (Figure

3.1A). The combination treatment of Torin and bafilomycin caused the largest
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accumulation of p62 (approximately 8-fold). This result is interpreted as follows: the
Torin treatment increased autophagic flux and increased the accumulation of p62 in
autophagosomes; however, bafilomycin treatment inhibited the fusion of
autophagosomes with the autolysosomes thereby preventing the degradation of
accumulated p62 (Figure 3.1A). MG-132 treatment was not predicted to impact p62
levels, but a 2-fold accumulation of p62 was detected indicating that this length or
concentration of MG-132 treatment may induce autophagy (Figure 3.1A).

Since I predicted that PB proteins were degraded through autophagic flux, I
expected their steady state levels to decrease after Torin treatment and increase with
bafilomycin, chloroquine or a combination of Torin and bafilomycin treatment, in a
manner similar to p62. The steady-state levels of Pat1B remained unchanged with all
drug treatments indicating that the steady-state levels are not subject to rapid degradation
via either autophagy or the proteasome (Figure 3.1B). By contrast, the combined
Torin/bafilomycin treatment caused a 2.5-fold increase in the steady-state levels of
XRNI, suggesting that XRN1 may be degraded by autophagic machinery. Bafilomycin,
chloroquine and the combination Torin/bafilomycin treatment caused a substantial
accumulation of DCP1A (Figure 3.1B). Of note, none of the PB proteins displayed
increased steady-state levels when the proteasome was inhibited by with MG-132
treatment, indicating that Pat1B, XRN1 and DCP1A are unlikely to be subject to
proteasomal turnover. Together, these data support the hypothesis that select (but not all)

PB proteins are subject to turnover via the autophagy machinery.

64



&
@o
(9]
> © p62
C 5 =
5
= 15 .
w
@ = | P52 & .
62 kDa g " .
Total ® s
Protein 2 < . .
E se - -
(] N . j .
4 ‘@0 & @o@ & *c}z!{bq’
Q )
,;&@0 ,“;Q\ é
0 X
<5
B
("\(‘
& @ Pat1B > XRN-1
~\é’\(\ ;,\“0 Q)rz‘,\§ b= [
QO 06\ ‘00‘ x qu’ o 2s 35 3
RGO S SN 5 5
F 40T ¢ A 2 2 e e e 5 .
S . B2
hhh”ﬁ- Pat1B @ s . ? o
. o 95 kDa g’_ 1.0{ e g -
- . - - 14 e ™
Total & s . o
Protein (4 2
78 & ©.@ e B 0 @ 0.2 e
XRN-1 g ® & @o\ & @0\0‘@ £ @ 4SS @c} &6\0 (6\00:{5
| 200 kDa Q r&o & fQ\o @\ < NN é\
2> 3 B & & &
Total G2 I
Protein «oi\(\ «0{6‘
DCP1A <
75 kDa T DCP1A
Total 2 .
Protein 5 R
c 15
=l *
w ]
3 1.0 e® . u
‘5. -I - -
5 0.5
@ "
2 o
= & L@ S
& 0\‘\%0«00 @G 09}{‘ \\0\ :{5’1’
O O a0
Y

X
=

Figure 3.1: Proteasome inhibition does not cause increases in PB protein steady-state
levels. (A-B) HUVECs were treated with a DMSO vehicle or one or more of the following drugs
for 4h: Torin (250 nM), bafilomycin (10 nM), chloroquine (25 pM), or MG-132 (5 uM).
Following treatment, cells were lysed and immunoblotted using primary antibodies against p62
(A) or Pat1B, XRN1 and DCP1A (B). Protein band intensity was normalized to total lane protein
using Bio-Rad Image Lab software and is expressed as the mean fold change in expression
relative to DMSO (p62, PAT1B and DCP1A; n=2) (XRN1; n=1).
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3.2 Autophagy Induction Increases Steady-state levels of

CXCL8 and COX-2

We know that steady-state levels of some PB proteins are regulated by autophagy,
and that PBs are important for the constitutive decay of cellular ARE-containing mRNAs.
Therefore, one of the first experiments I performed was to determine if the steady-state
levels of mRNA encoding selected endogenous ARE-containing genes were altered in
response to changes in bulk autophagic flux. To manipulate macroautophagy, HUVECs
were treated with Torin and bafilomycin for 4h prior to lysis for total RNA (Carolyn
Robinson performed the experiment while I performed that RNA analysis). The low yield
of RNA from this lot of HUVECs made ddPCR the ideal technique for this experiment.
Following RNA extraction and cDNA synthesis, ddPCR was used to determine the
relative expression of COX-2 and CXCLS as these transcripts contain AREs and are
upregulated during KS. Torin treatment increased the expression of COX-2 and CXCLS8
by 8- and 9- fold, respectively (Figure 3.2). Bafilomycin treatment had no significant
effect on COX-2 or CXCLS expression (Figure 3.2). Because Torin-induced
macroautophagy increased the expression of endogenous inflammatory ARE-mRNA:s,
COX-2 and CXCLS, this supports our hypothesis that autophagic flux contributes to
regulating levels of ARE-containing inflammatory transcripts. With the preliminary data
to suggest that KapB increases autophagy to facilitate PB disassembly and elevate levels
of ARE-mRNAs, I expanded my investigation to determine if KapB-induced PB loss, and

concomitant ARE-mRNA stabilization, was selective.
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Figure 3.2: Autophagy induction increases expression of endogenous ARE-mRNAs.
HUVECs were treated with DMSO vehicle control, Torin (250nM) or bafilomycin
(10nM) for 4h prior to lysis for total RNA. 200 ng of total RNA was reverse-transcribed
and amplified by ddPCR. The copies/uL of CXCL8 and COX-2 were normalized to the
reference gene, B2M. Data is represented as the fold change in target transcript
expression relative to DMSO; n=2.
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3.3 mKeima: A Fluorescence-Based Method to Monitor

Autophagic Flux

Methods including the LC3-turnover assays and the mRFP-GFP-LC3 tandem
reporter fail to consider rates of selective autophagic flux as they focus entirely on the
modification of bulk autophagic component, LC3 (Klionsky et al., 2012). Moreover, the
addition of mRFP and GFP to LC3 causes probe aggregation outside of autophagosomes
and may impact the function of the protein (Hu et al., 2015; Katayama, Kogure,
Mizushima, Yoshimori, & Miyawaki, 2011). Although GFP-fragmentation assays can be
adapted to monitor the lysosomal delivery of many substrates, the assay is not robust in
mammalian cells (Klionsky et al., 2012). Consequently, there are few-existing assays that
can compare the autophagic activity of different selective autophagy cargoes at a single
time point or over time and no assays developed to investigate PB protein autophagic
degradation.

We know that autophagy is required for KapB-mediated PB disassembly because
inhibition of bulk autophagy (using drug treatments or knockdown of canonical
autophagy genes) reverses the KapB-mediated PB loss. However, these assays do not
differentiate between two possibilities: 1) KapB induces a non-selective increase of
autophagic flux functionally equivalent to macroautophagy or 2) KapB selectively
recruits PBs or PB components to the autophagosome to cause their selective catabolism
independent of other cytosolic cargo. I sought to differentiate between these possibilities
by developing a fluorescence-based method to determine whether PB proteins are
selectively degraded under KapB expression. To do this I used the coral-derived

fluorophore mKeima (Kogure et al., 2006).
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mKeima is an acid stable, pH-sensitive fluorophore that exhibits a bimodal
excitation spectrum (Katayama et al., 2011; Kogure et al., 2006). Under neutral pH, the
fluorophore has a peak excitation at 440 nm (em. 620 nm) while under an acidic pH (pH
5) the excitation peak shifts to 586 nm (em. 620 nm), due to the ionization of a phenolic
hydroxyl moiety present in mKeima (Katayama et al., 2011; Violot, Carpentier,
Blanchoin, & Bourgeois, 2009) (Figure 3.3A). This pH-dependent shift in mKeima
excitation can be an advantage, as mKeima excitation can differentiate between different
autophagy stages and track mKeima fluorophore movement from the neutral cytosol/
autophagosome to the acidic autolysosome (Katayama et al., 2011) (Figure 3.3B).

Under homeostatic conditions, mKeima is subject to autophagic degradation. This
is detected by an increase in the fluorophore excitation fluorescence at 586 nm (hereafter
referred to as acidic mKeima signal) relative to the fluorophore excitation fluorescence at
440 nm (hereafter referred to as neutral mKeima signal), and this ratio of acidic/neutral
mKeima signal represents basal autophagic flux. Autophagy induction (starvation, Torin)
increases the delivery of mKeima to autolysosomes and therefore increases ratio of the
acidic/neutral mKeima compared to homeostatic conditions (Katayama et al., 2011)
(Figure 3.3B). The simultaneous autophagy induction and late-stage autophagy inhibition
(Torin and bafilomycin treatment) increases autophagy induction, but also prevents
delivery of cargo to acidic autolysosomes. Therefore, cells with this treatment did have
decreased acidic mKeima signal detection relative to that detected with autophagy

induction alone (Katayama et al., 2011).
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Figure 3.3: Fluorescence-based detection autophagic flux changes using mKeima.
(A) Adapted from Katayama et al., (2011). mKeima is a pH-sensitive fluorophore that
exhibits a bimodal excitation. At neutral pH, the fluorophore has a peak excitation at 440
nm (em. 620 nm). At an acidic pH, the excitation peak shifts to 586 nm (em. 620 nm).
(B) The pH-dependent shift in excitations allows the monitoring of autophagic flux with
mKeima by comparing the detection of neutral vs. acidic mKeima fluorescence.
Autophagosomes and cytosolic cargo are in a neutral environment, whereas cargo in an
autolysosome is in an acidic environment. Under homeostatic conditions, detection of
both neutral and acidic mKeima represents normal turnover of the mKeima-containing
construct. Autophagy inducer addition (Torin) is expected to increase the detection of
acidic mKeima signal. Autophagy inducer and late-stage autophagy inhibitor (Torin/
bafilomycin) is expected to decrease acidic mKeima signal detection relative to the signal
present with autophagy induction.
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In addition to using the mKeima protein alone to monitor bulk autophagy, the
fusion of mKeima to other target proteins allows the acidic exposure of those proteins to
be monitored and compared to that of a macroautophagy reporter such as mKeima-LC3
(H. An & Harper, 2017; Katayama et al., 2011). Several groups have monitored
mitophagy using a mitochondria-targeted mKeima (mito-mKeima) construct; in this case,
mKeima has been fused to a COX VIII pre-sequence that targets the mKeima to the
mitochondrial inner membrane (Lazarou et al., 2015; Nezich et al., 2015; N. Sun et al.,
2017; Villa et al., 2017). To capitalize on this method to understand PB turnover, I
created two mKeima PB reporters by tagging the resident PB proteins DCP1A or DDX6
with mKeima (mKeima-DCP1A, mKeima-DDX6). To fully understand how PB
catabolism may or may not differ from the regulation of macroautophagy or mitophagy, I
generated a macroautophagy reporter, LC3-mKeima and obtained a mitophagy reporter,
mito-mKeima. Together, these four mKeima fusion proteins allowed me to investigate if
KapB expression increases non-selective macroautophagy or if it increases the selective
autophagy of PB proteins.

3.4 mKeima Fusion Proteins Show Appropriate Sub-Cellular

Localization by Confocal Microscopy

As a first step towards building this new assay, I validated the subcellular
localization of my four mKeima reporter constructs using confocal microscopy of fixed
cells. Cells were transfected with mKeima-DCP1A, mKeima-DDX6, mKeima-LC3 and
mito-mKeima. 48h post transfection, cells were fixed and stained for the endogenous PB
marker Hedls, lysosomal marker LAMP2, or mitochondrial marker TOM20. mKeima has

a large stoke shift which permits the simultaneous detection of Alexa-Fluor-488 or GFP-
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labelled structures (Katayama et al., 2011). mKeima-DCP1A and mKeima-DDX6
displayed punctate cytoplasmic fluorescence consistent with staining for PB granules
previously observed and constructs co-localized with endogenously labelled Hedls
(Figure 3.4). mKeima-LC3 colocalized with the endogenous lysosomal marker LAMP?2,
suggesting that LC3-mKeima was being trafficked to the lysosome. Mito-mKeima co-
localized with endogenous TOM20, validating the appropriate mitochondrial localization
(Figure 3.4).

Several methods including microscopy, flow cytometry and immunoblotting have
been employed to quantify changes in acidic mKeima excitation however, all of these
assays must be conducted on live cells because fixation alters cell pH and causes loss of
pH gradients across lysosomal membranes (Katayama et al., 2011). Therefore, I used
live-cell confocal microscopy to determine whether I could detect both a neutral and
acidic mKeima-signal for each fusion protein construct and if this signal was visually
responsive to altered autophagic flux. HEK293T cells were transfected with mKeima-
DCP1A, mKeima-DDX6, mKeima-LC3 or mito-mKeima. 24h later, cells were treated
with DMSO vehicle control or one or more of the following: Torin (250 nM),
bafilomycin (10 nM), the electron transport chain uncoupler, CCCP (10 uM) for 24h or
NH4Cl, to neutralize acidic compartments (50 mM), for 1h prior to imaging. The LSM
510-laser scanning confocal microscope was configured to detect neutral and acidic
mKeima signal (section 2.7.1). mKeima-LC3 construct expression was relatively robust
(Figure 3.5). Control mKeima-LC3 cells expressed low baseline mKeima fluorescence

that was detectable on the acidic channel while Torin treatment substantially increased
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Figure 3.4: mKeima fusion proteins demonstrate appropriate sub-cellular
localization. HEK293T cells were transfected with mKeima-DCP1A, mKeima-DDX®6, or
mKeima-LC3 and HeLa Tet-Off cells were transfected with mito-mKeima. 48h post
transfection cells were fixed for immunofluorescence. Cells were stained with primary
antibodies for endogenous Hedls (PBs), LAMP2 (lysosomes) or TOM20 (mitochondria).
Images for each condition were taken using the Zeiss LSM 510 Meta configured to detect
mKeima and Alexa Fluor 488-labelled Hedls, LAMP2 or TOM20. Scale bar = 10 uM.
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the mKeima detection on the acidic channel (Figure 3.5). Conversely, cells treated with
Torin and bafilomycin reduced the amount of acidic channel mKeima detected relative to
cells treated with Torin alone (Figure 3.5). These results indicate that the mKeima-LC3
construct responds as expected to autophagy modulating drugs.

Control mito-mKeima-transfected cells expressed a high baseline of acidic
mKeima fluorescence (Figure 3.6). Treatment with CCCP, which uncouples the electron
transport chain and stimulates mitophagy, did not increase mKeima signal detected in the
acidic channel in my experiments (Georgakopoulos et al., 2017; J. W. Park et al., 1997;
Penefsky, 1985). However, treatment with CCCP followed by NH4Cl reduced mKeima
fluorescence detected in both the neutral and acidic channels (Figure 3.6). Upon close
examination, these cells were rounded, and mitochondria were fragmented, suggesting
cells were not healthy (Figure 3.6). These data confirm that mitophagy can be visualized
using mito-mKeima and suggest that HEK293T cells have a high baseline of mitophagy.
Furthermore, a combination of mitophagy stimulating drugs or different drug doses may
be necessary to detect differences in mitophagy in mito-mKeima-expressing cells.

mKeima-DCP1A-transfected cells formed punctate cytoplasmic mKeima-DCP1A
granules as previously seen in Figure 3.4, but granules were not detected on the acidic
mKeima channel in DMSO vehicle control cells (Figure 3.7). After Torin treatment,
mKeima puncta were detected on the acidic channel but the overall signal was very low
and difficult to detect (Figure 3.7). This result did not change in mKeima-DCP1A cells
treated with Torin and bafilomycin, although there appeared to be more mKeima-DCP1A
granules detected with the neutral mKeima channel in cells treated with Torin and

bafilomycin (Figure 3.7).
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Figure 3.5: mKeima-LC3 reporter responds to changes in autophagic flux.
HEK293T cells were transfected with mKeima-LC3 and the construct was expressed for
24h before treatment with DMSO vehicle control and one or more of the following: Torin
(250 nM), bafilomycin (10 nM) for 24h prior to imaging. Cells were imaged within 10
mins of removal from a cell culture incubator and representative images for each
condition were taken using the Zeiss LSM 510 Meta configured to detect neutral and

acidic mKeima. Images are representative from two independent experiments. Scale bar
=20 uM.
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Figure 3.6: Mitophagy detection using a mito-mKeima reporter. HEK293T cells were
transfected with mito-mKeima and the construct was expressed for 24h before treatment
with a DMSO vehicle control or one or more of CCCP (10uM for 24h) or NH4Cl (50m M
for 1h). Cells were imaged as in Figure 3.5. Images are representative of two
independent experiments. Scale bar = 20 uM.
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Figure 3.7: mKeima signal detection in cells expressing mKeima-DCP1A. HEK293T
cells were transfected with mKeima-DCP1A and the construct was expressed for 24h
before treatment and imaging as in Figure 3.5. Images are representative from two
independent experiments. Scale bar =20 uM.
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mKeima-DDX6-transfected cells formed fewer puncta than that seen in mKeima-
DCPI1A cells but similarly, very little mKeima-DDX6 signal was detected in the acidic
channel in control cells (Figure 3.8). With Torin treatment, many cells displayed
mKeima-DDX6 puncta detectable in the acidic channel and the number of cells with
these puncta decreased in frequency during Torin and bafilomycin treatment (Figure 3.8).
These preliminary results suggest the mKeima-DDX6 reporter responds to Torin
treatment by re-localizing to acidic compartments and may be undergoing autophagic
degradation.

mKeima signal was detected for all reporter constructs on the neutral channel and
mKeima signal on the acidic channel could be detected for mKeima-LC3, mito-mKeima
and mKeima-DDX6. Katayama et al., (2009) used live-cell microscopy images to
quantify the ratio of acidic and neutral mKeima expression to total cellular area for
individual cells. However, due to difficulties controlling the cell environment and the
limited number of cells that can be imaged, I decided to use flow cytometry to quantify
changes in the number of cells expressing high acidic mKeima signal and confirm the
responsiveness of the constructs to changes in autophagy.
3.5 Validating Responsiveness of mKeima-Constructs to

Autophagy-Modulating Drugs via Flow Cytometry

Using flow cytometry to monitor mKeima has several advantages, including its
amenability to high throughput applications and the large number of cells that can be
analyzed. Furthermore, several groups have successfully used flow cytometry to
demonstrate the responsiveness of the mito-mKeima acidic-channel fluorescence to

changes in mitophagy (Lazarou et al., 2015; Nezich et al., 2015)
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Figure 3.8: Acidic mKeima signal detected in DDX6-mKeima reporter cells.
HEK293T cells were transfected with mKeima-DDX6 and the construct was expressed
for 24h before treatment and imaging as in Figure 3.5. Images are representative from
two independent experiments. Scale bar =20 uM.



Having determined the appropriate optical filter settings to best detect changes in
mKeima acidification, I validated the responsiveness of the mKeima reporter constructs
to autophagic modulators and quantified these changes using flow cytometry (see section
2.12 for optical filter optimization experiment). HEK293T cells were transfected with
mKeima-LC3, mito-mKeima, mKeima-DCP1A or mKeima-DDX6. Constructs were
expressed for 36h prior to treatment with DMSO vehicle or one or more of the following:
Torin, bafilomycin, CCCP, oligomycin for 6h prior to cell collection for flow cytometry.
Control cells for all constructs were expected to have low acidic mKeima signal;
therefore, most of these cells were excluded when assigning the arbitrary gate to detect
cells with high acidic mKeima signal for each construct (Figure 3.9 and 3.10).

Based on my microscopy results and previous publications using mito-mKeima, [
expected mKeima-LC3 and mito-mKeima to show increased acidification with Torin and
CCCP & oligomycin treatment, respectively, and for this acidification to be inhibited by
bafilomycin treatment. In mKeima-LC3 control cells, 2% of cells were within the high
acidic mKeima gate; after Torin treatment, this value significantly increased to 7.4%
(Figure 3.9A-B). mKeima-LC3 cells treated with Torin and bafilomycin had only 0.67%
of cells in the high acidic mKeima gate; a significant decrease relative to Torin treatment
alone (Figure 3.9A-B). 3.2% of mito-mKeima control cells were detected in the high
acidic mKeima gate (Figure 3.9A-B). This was the highest value of any construct in the
control condition but, this result is consistent with mito-mKeima microscopy data (see
Figure 3.6). For mito-mKeima flow cytometry experiments, both CCCP & oligomycin

treatment were used to stimulate mitophagy and overall increased the number
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Figure 3.9: mKeima reporter constructs respond to altered autophagic and
mitophagic flux. HEK293T cells were transfected with mKeima-LC3 or mito-mKeima.
42h post transfection, cells were treated with DMSO or one or more of the following:
Torin (250 nM), bafilomycin (100 nM), CCCP (10 uM), oligomycin (1 pg/mL) for 6 h
prior to suspension in pH 7 flow cytometry buffer. Live-cell flow cytometry was used to
detect the neutral and acidic mKeima fluorescence intensity of cells (LSR Fortessa). (A)
Cells from each condition were plotted in a dot plot such that the fluorescence intensity
for filters detecting neutral mKeima and acidic mKeima were on the x-axis (Filter 3) and
y-axis respectively (Filter 5). An arbitrary gate for the percent of cells expressing high
acidic mKeima was set using the vehicle control condition for each construct and
subsequently applied to all other conditions for that construct. The cells that fall within
this gate are labelled in red. Representative dot plots are shown from one of three
independent experiments (B) The mean percent of cells expressing high acidic mKeima
signal are quantified for each condition of each construct + SEM. Statistical significance
of was data determined by two-way repeated measures ANOVA with Tukey’s multiple
comparison test; * = P<0.05 **=P<0.01.
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of cells detected in the high acidic mKeima gate to 6.4% of the cell population (Figure
3.9). Relative to CCCP & oligomycin treatment, treatment with CCCP & oligomycin &
bafilomycin significantly decreased the percent of cells in the high acidic mKeima gate to
a mean of 2.6% (Figure 3.9). Notably, for both mKeima-LC3 and mito-mKeima
expressing populations, there is a small group of cells with high acidic mKeima
fluorescence separated from the main population in the DMSO control and Torin
conditions, however in both cases, treatment with bafilomycin expunges this population
(Figure 3.9A). Overall, autophagic-modulating treatments of cells expressing the
mKeima-LC3 or mito-mKeima constructs showed dynamic and mainly significant
changes in the percent of cells detected in the acidic mKeima gate set for each construct.
DMSO control mKeima-DCP1A and mKeima-DDX6 cells both exhibited a mean
of 1.3% of cells detected in the high acidic mKeima gate (Figure 3.10). Torin treatment
slightly, but significantly, increased the percent of mKeima-DCP1A and mKeima-DDX6
cells detected within this gate to 2.8% and 3.5% respectively and treatment of mKeima-
DCP1A and mKeima-DDX6 cells with Torin and bafilomycin significantly decreased the
percent of cells detected in the high acidic mKeima gate to 0.8% and 1.0% respectively
(relative to Torin treatment alone; Figure 3.10). The magnitude of change in the percent
of cells entering the high acidic mKeima gate in response to Torin was greater for cells
expressing mKeima-LC3 and mito-mKeima than for those expressing the PB-mKeima
reporters. Nonetheless, these results indicate both mKeima-DCP1A and -DDX6 do
undergo a small but significant increase in the percent of cells detected in the high acidic
mKeima gate in response to Torin and this increase is inhibited with bafilomycin. Thus,

supporting the hypothesis that autophagic flux promotes PB disassembly.
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Figure 3.10: mKeima-DDX6 and mKeima-DCP1A reporters respond to changes in
autophagic flux. HEK293T cells were transfected with mKeima-DCP1A or mKeima-
DDXG6. 42h post transfection, cells were treated and suspended as in Figure 3.9. Live-cell
flow cytometry was used to detect the neutral and acidic mKeima fluorescence intensity
of cells (LSR Fortessa). (A) Cells from each condition were plotted and gated as in
Figure 3.9. Representative dot plots are shown from one of three experiments (B) The
mean percent of cells expressing high acidic mKeima signal are quantified for each
condition of each construct £ SEM. Statistical significance of data was determined by

two-way repeated measures ANOVA with Tukey’s multiple comparison test ; * =
**=P<0.01.

= P<0.05
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3.6 KapB Expression Does Not Cause Detectable Changes in

mKeima Construct Acidification

Having confirmed that all mKeima constructs show varying degrees of
responsiveness to changes in autophagic flux, I next examined whether KapB impacted
the turnover of the mKeima reporters. I hypothesized that if KapB was causing an
increase in the selective degradation of PBs or PB proteins, KapB expression would
cause an increase in the percent of cells with high acidic mKeima expression for PB
reporter constructs and mKeima-LC3 but not mito-mKeima. This result would indicate a
selective response for PB degradation independent of other cytosolic cargo. To
investigate this hypothesis, I co-transfected HEK293T cells with vector or KapB and one
of the following: mKeima-LC3, mito-mKeima, mKeima-DDX6, mKeima-DCP1A. 36h
post transfection, cells were treated with Torin for 6h to enhance any small changes in
mKeima acidification that could be induced by KapB expression. Cells were harvested
and subjected to flow cytometry as previously described. Arbitrary gates detecting cells
with high acidic mKeima signal were set as previously described in vector control cells
and then applied to KapB-expressing cells for each construct.

Co-transfection of KapB or vector controls into the HEK293T cells greatly
reduced the number of cells expressing mKeima constructs (Figure 3.12). For all
constructs tested, there was no substantial difference in mKeima expression between
vector and KapB cells (Figure 3.12). Given our previous results showing KapB increases
autophagic flux, these preliminary results suggest that this method may not be sensitive

enough to detect KapB-mediated changes in mKeima acidification or that KapB
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transfection efficiency was too low to produce a discernable population change in
autophagic flux.

Due to the difficulty detecting changes in the population of mKeima after KapB
transfection, I attempted another method to assay mKeima turnover after KapB
expression. mKeima immunoblotting has been previously used to study ribophagy (H. An
& Harper, 2017). mKeima is acid-stable; consequently, mKeima-fusion proteins are only
partially degraded in the lysosome and a 25kDa degradation resistant mKeima
polypeptide called ‘processed mKeima’ appears. Immunoblotting can detect this
processed mKeima form and the processed mKeima reflects how much of a given
mKeima construct was delivered to autolysosomes (H. An & Harper, 2017; Katayama et
al., 2011; Yoshii & Mizushima, 2017). Normalizing the processed mKeima amount to the
intact mKeima construct amount produces a ratio that reflects construct turnover. An
exception to this is processed mKeima from cells expressing mKeima-LC3 which,
because LC3 is autophagic machinery, not cargo, should be normalized to total protein
(H. An & Harper, 2017).

HEK293T cells were co-transfected with empty vector or KapB and one of the
following: mKeima-LC3, mito-mKeima, mKeima-DDX6, mKeima-DCP1A. 36h post
transfection, cells were treated with Torin for 6h to induce autophagy. KapB mKeima-
LC3 cells contained a 4-fold greater processed mKeima levels than vector cells,
confirming our previous observations that KapB expression increases autophagic flux
(Figure 3.12A). Separation between intact mito-mKeima and processed mKeima is very

small because the COX VIII targeting pre-sequence of mito-mKeima is only 7kDa.
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Figure 3.11: KapB expression does not cause changes in mKeima construct
acidification as detected by flow cytometry. HEK293T cells were co-transfected with
vector or KapB and one of following: mKeima-LC3, mito-mKeima, mKeima-DCP1A or
mKeima-DDX6. 42h post transfection, cells were treated with Torin (250 nM) for 6h
prior to suspension in a pH 7 flow cytometry buffer. Live-cell flow cytometry and gating
was performed as in Figure 3.9; n=1.
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mito-mKeima cells also had large amounts of processed mKeima relative to intact
mKeima (Figure 3.12B). Cells expressing both KapB and mito-mKeima displayed less
processed mKeima relative to vector cells, indicating that KapB expression does not
increase mitophagy (Figure 3.12B).

The same experiments were performed with the two mKeima-tagged PB reporter
proteins; however, the construct expression level was very low. Despite loading 80-100
ug of total protein, immunoblotting of DCP1A-mKeima expressing cells failed to detect
any processed mKeima (Figure 3.12C). Both intact and processed mKeima-DCP1A and
mKeima-DDX6 appear as doublets - it is unknown if both bands of the doublet or just
one are intact or processed-mKeima (Figure 3.12C). mKeima-DDX6 expression
exceeded that of mKeima-DCP1A, yet I detected only faint bands at 25kDa that may be
processed mKeima. To confirm whether these faint bands were processed mKeima, I cut,
re-probed and re-exposed only the lower portion of the blot expressing the putative
mKeima signal; this confirmed that 25kDa bands were observed in DDX6-mKeima-
expressing cells but not in DCP1A-mKeima cells. However, due to blot alteration, I was
unable to quantify the relative levels of processed mKeima to intact mKeima-DDXG6.
Taken together, these preliminary results confirmed previous experiments to show that
KapB increases autophagic flux, but has no impact on mitophagy. Finally, experiments
with mKeima-tagged PB reporter constructs in the presence of KapB expression were

inconclusive.
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Figure 3.12: KapB increases mKeima-LC3 turnover. (A-C) HEK293T cells were co-
transfected with vector or KapB and one of following: mKeima-LC3, mito-mKeima,
mKeima-DCP1A or mKeima-DDX6. 42h post transfection, cells were treated with Torin
(250 nM) for 6 h prior to lysis for immunoblotting. Cells were immunoblotted using
primary antibody against mKeima. The intensity of the processed mKeima was
normalized to the intact mKeima construct except for mKeima-LC3 cells where
processed mKeima was normalized to total protein. This ratio was set to 1 for vector-
transfected cells and the ratio for KapB-transfected cells was normalized to that of vector;
n=1. Total protein was used as a loading control.
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Chapter 4 KapB-Mediated PB Disassembly Requires

NDP52

4.1 KapB-Mediated PB Disassembly Requires Selective

Autophagy Receptor NDP52

To determine if known selective autophagy receptors were required for KapB-
mediated PB disassembly, I designed shRNAs to reduce the steady-state expression of
known selective autophagy receptors; NDP52, OPTN and p62. Subsequently, I produced
recombinant lentivirus expressing the shRNAs and determined the knockdown efficiency
for NDP52, OPTN and p62 in HUVECs using immunoblotting (Figure 4.1A). Analysis
of knockdown efficiency was performed in parallel with phenotypic characterization
(Figures 4.2 and 4.3) in all cases; therefore, I was able to determine if any result
variability was due to knockdown efficiency. All shRNAs (shNDP52-1, shNDP52-2,
shOPTN-1, shOPTN-2 and shp62) reduced the steady-state expression of the respective
targeted protein by over 70% relative to the shNS control in vector and KapB-expressing
HUVEC:s (Figure 4.1A-B).

For each experiment, HUVECs were sequentially transduced; first with a
lentivirus expressing KapB (or vector control), and next with lentiviruses expressing
selective autophagy receptor targeted shRNAs. Changes in PBs were monitored both
qualitatively and quantitatively using two microscopy-based techniques: confocal
microscopy for PB visualization and fluorescence microscopy for PB quantification using

a PB-specific pipeline on the automated image analysis platform, CellProfiler. PBs were
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Figure 4.1: RNA interference reduces steady-state levels of selective autophagy
receptors in control and KapB-expressing cells HUVECs were transduced with
recombinant lentivirus expressing KapB or a vector control and were selected with bsd.
After recovery, cells were re-seeded, transduced with recombinant lentivirus expressing
shRNAs targeting NDP52, OPTN, p62 or a non-specific ShRNA (shNS) control and
selected with puro prior to lysis for immunoblotting. Lysates were immunoblotted using
primary antibodies against NDP52, OPTN or p62 to confirm knockdown of the target
proteins. Representative immunoblots are shown. Protein band intensity was normalized
to total lane protein using Bio-Rad Image Lab software and is expressed as the mean fold
change in expression relative to the respective vector or KapB shNS control £ SEM; n=3.
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identified by staining for the PB resident protein Hedls, a decapping cofactor; this PB
protein co-stains cytoplasmic puncta along with other PB marker proteins(S. Jain &
Parker, 2013; Parker & Sheth, 2007b). My prediction was that if a selective autophagy
receptor was important for PB disassembly (in either control or KapB cells), the receptor
knockdown would increase the mean PB number per cell in that condition relative to the
respective shNS control.

PB visualization via confocal microscopy confirmed PB presence in most vector
cells (Figure 4.2A). CellProfiler quantification revealed vector cells contained 2.9 PBs
per cell. Reducing vector cell NDP52 expression caused an increase in the number PB
granules per cell to 9.5 (shNDP52-1) and 5.5 (shNDP52-2) and appeared to cause cellular
actin rearrangement (Figure 4.2A-B).Reducing vector OPTN and p62 expression did not
result in a discernable visual change in the number or size of PBs relative to vector shNS
control. CellProfiler quantification supported this observation. Vector cells-expressing
shOPTN-1, shOPTN-2 and shp62 contained a mean of 1.7, 2.9 and 2.6 PBs per cell
respectively (Figure 4.2). Only the knockdown of NDP52 substantially increased the
mean number of PBs per cell in vector cells.

As expected from previous studies (Corcoran et al., 2015), ectopic expression of
KapB in HUVECs caused PB disassembly from 2.9 PBs per vector shNS cell to 1.2 PBs
per KapB shNS cell (Figure 4.3). Similar to vector cells, only NDP52 knockdown caused
a large increase in the mean number of PBs per cell (shNDP52-1 - 7.8; shNDP52-2 - 8.0
PBs per cell) while OPTN knockdown (shOPTN-1 - 2.1; shOPTN-2 - 2.1 PBs per cell)
and p62 knockdown (2.4 PBs per cell) had little effect on the mean number of PBs per

cell relative to KapB shNS (Figure 4.3).
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Figure 4.2: NDP52 silencing increases the mean number of PB per cell in control
cells. (A-B) HUVECs were sequentially transduced with vector control and shRNA-
expressing lentiviruses and selected as in Figure 4.1, prior to fixation for
immunofluorescence. (A) HUVECs were stained using primary antibodies for Hedls
(PBs; red) and KapB (green) and phalloidin (F-actin; blue). Representative images for
each condition were taken using the Zeiss LSM 510 Meta. Scale bar =20 uM (B)
HUVECs were stained using primary antibodies for Hedls (PBs) and KapB and WGA (to
denote cellular membranes) and DAPI (nuclei). Cells were imaged on the Zeiss
Axiolmager Z2 (100+ cells, >5 fields of view) and the mean number of PBs per cell were
quantified using an automated image analysis pipeline in CellProfiler. Data is represented
as the mean number of PBs per cell per condition; n=3.
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Figure 4.3: NDPS2 silencing reverses KapB-mediated PB disassembly.

(A-B) HUVECs were sequentially transduced with KapB and shRNA-expressing
lentiviruses and selected in parallel with control vector cells shown in Figure 4.2., prior to
fixation for immunofluorescence (A) HUVECs were stained and imaged as in Figure 4.2
(A). Scale bar =20 uM. (B) HUVECs were stained, imaged and PB numbers were

quantified as in Figure 4.2. Data is represented as the mean number of PBs per cell per
condition; n=3.
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NDP52 silencing increased the mean number of PBs in both vector and KapB-expressing
cells, demonstrating that NDP52 is required for PB disassembly and is not KapB-
specific. This data identifies NDP52 as being a selective autophagy receptor that is
required for PB disassembly.

NDP52 has many functions in selective autophagy, autophagosome maturation
and transcription promotion (Ellinghaus et al., 2013; Fu et al., 2018; Lazarou et al., 2015;
Morriswood et al., 2007; Verlhac, Gregoire, et al., 2015). To clearly elucidate if NDP52
was required because of its ability to promote selective autophagy, I decided to perform a
rescue experiment using wild-type and mutated forms of NDP52. If NDP52 was acting as
a selective autophagy receptor for PB proteins in KapB-expressing cells, I expected that
the mean number of PBs per cell would decrease when wild-type NDP52 expression was
restored, but not when selective autophagy-related NDP52 mutants were expressed.

NDP52 contains structural domains that are important for its function as a
selective autophagy receptor (Figure 4.4A). These include a non-canonical LC3-C
interacting region (cLIR) that binds LC3 decorating the autophagosome and a ubiquitin
binding domain (UBD) that binds ubiquitinated cargo proteins, linking them to the
autophagosome for engulfment (Figure 4.4A). For my studies, I obtained a UBD mutant
(mCh-NDP52 C443K), a LC3-C LIR and UBD mutant; mCh-NDP52 V136S/C443K
(Padman et al., 2019). I also used a NDP52 variant that predisposed individuals to
developing Crohn’s disease (RFP-NDP52 V248A), which is suggested to alter the

activity of the UBD (Ellinghaus et al., 2013; Till et al., 2013)
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Figure 4.4: Targeting the 3°-UTR of endogenous NDP52 reduces its steady-state
level. (A) NDP52 contains the following domains and interacting regions: SKICH
domain (SKIP-carboxyl homology domain), CLIR (non-canonical LC3-interaction
motif), coiled-coil domain, GALB (galectin binding domain) ZF1 & ZF2 (zinc finger
domains). Known mutations that disrupt NDP52 function include: V136S which prevents
binding to LC3-C, C443K which prevents binding to ubiquitin, and V248A (Crohn’s
disease variant. (B-C) HUVECs were first transduced with recombinant lentivirus
expressing 2 shRNAs targeting the 3’-UTR of NDP52 (shNDP52-3, shNDP52-4) or a
shNS control and were selected with bsd. Cells were seeded and co-transduced with a
mixture of lentiviruses: either vector or KapB and one of the following: mCherry control
(mCh), RFP-NDP52 wt, RFP-NDP52 V248A, mCh-NDP52 C443K or mCh-NDP52
V136S/C443K. Cells were recovered for 48h in complete media prior to fixation for
immunofluorescence or lysis for immuoblotting. (C) Lysates were immunoblotted using
NDP52 primary antibody to confirm endogenous NDP52 knockdown. Immunoblots were
normalized as in Figure 4.1 and one representative blot is shown. Results are expressed as
the mean fold change in expression relative to the respective vector or KapB shNS mCh
control = SEM; n=3.
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For this experiment, I also had to use new shRNAs to target the 3’-UTR of NDP52
(shNDP52-3, shNDP52-4) instead of the coding region to permit the overexpression of
the fluorescently-tagged NDP52 constructs. For the rescue experiment, HUVECs were
transduced with shNDP52-3 and shNDP52-4 recombinant lentivirus or a shNS control,
selected, and then re-seeded and transduced with a mixed population of lentiviruses:
either vector or KapB and mCh or NDP52 constructs (Figure 4.4B). The mean
knockdown efficiency of NDP52 in vector and KapB cells transduced with both
shNDP52-3 and shNDP52-4 was approximately 60% relative to control shNS mCh cells
(Figure 4.4C). Analysis of knockdown efficiency was performed in parallel with
phenotypic characterization (Figures 4.5 and 4.6) in all cases.

Having determined the knockdown efficiency of shNDP52-3 and shNDP52-4, |
investigated if NDP52 construct over-expression impacted the mean number of PBs per
cell in vector and KapB cells. HUVECs were transduced as previously described and
fixed for immunofluorescence (Figure 4.3) As observed in earlier experiments, NDP52
silencing increased the mean PB number per cell from 3.3 in vector control shNS mCh
cells to 12.8 in vector shNDP52 mCh cells (Figure 4.5). In cells with NDP52 knockdown,
the over-expression of RFP-NDP52 and the Crohn’s NDP52 variant (RFP-NDP52
V248A) resulted in cells containing a mean of 11.8 and 14.6 PBs per cell respectively.
Over-expression of the UBD mutant (mCh-NDP52 C443K) and the LIR/UBD mutant
(mCh-NDP52 V136S/C443K) reduced the mean number of PBs per cell to 5.7 and 9.4
(Figure 4.5). In vector cells, knockdown rescue with RFP-NDP52 did not considerably

reduce the number of PBs in these cells.
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Figure 4.5: NDP52 over-expression does not cause PB disassembly in shNDP52
vector-expressing cells. (A-B) HUVECs were transduced and selected as in Figure 4.4
prior to fixation for immunofluorescence. (A) HUVECs were stained for
immunofluorescence using a primary antibody for Hedls (PBs; green). Red cells mark
successful transductions expressing an mCh control, wt. NDP52 or other constructs.
Representative images for each condition were taken with the Zeiss LSM 510 Meta.
Scale bar =20 uM (B) HUVECs were stained for immunofluorescence using WGA (to
denote cellular membranes), DAPI (nuclei) and a primary antibody for Hedls (PBs;
green). Cells were imaged on the Zeiss Axiolmager Z2 (60+ cells, >7 fields of view) and
the mean number of PBs per cell were quantified using an automated image analysis
pipeline in CellProfiler. Data is represented as the mean number of PBs per cell per
condition; n=3.
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Interestingly, the UBD and UBD/LIR mutant over-expression decreased the mean PB
number per cell, however, confocal imaging shows that cells in these conditions appear to
have an increased number of small Hedls puncta compared to what is seen in other
conditions (Figure 4.5A). Given the size of these puncta and the limit of resolution of the
fluorescent and confocal microscopes, these small puncta would not be identified as PBs
by CellProfiler thresholds.

KapB shNS mCh cells contained on average 1.2 PBs per cell; with NDP52
silencing the mean number of PBs in KapB mCh cells increased to 14.3 PBs per cell
(Figure 4.6). Notably, in KapB cells with NDP52 knockdown, overexpression of RFP-
NDP52 decreased the mean number of PBs per cell to 5.2. The over expression of the
NDP52 Crohn’s variant, UBD mutant and LIR/UBD mutant in KapB cells with NDP52
knockdown resulted in cells containing a mean of 12.4, 9 and 9.3 PBs per cell
respectively (Figure 4.6). These data indicate that in KapB cells, NDP52 acts as a
selective autophagy receptor for PB disassembly and that this activity is dependent on the
UBD and LIR domains of NDP52. Like vector cells, cells expressing RFP-NDP52
V248A and mCh-NDP52 C443K had many smaller Hedls puncta (Figure 4.6A), perhaps
suggesting that select PB proteins but not entire PB granules are undergoing degradation.
Remarkably, overexpression of RFP-NDP52 rescued KapB-mediated PB disassembly in
a KapB-specific manner and the UBD, LIR/UBD and Crohn’s variant constructs failed to
restore KapB-mediated PB disassembly to the same extent as the over expression of wild-
type NDP52. These results are important because they 1) confirm the requirement for
NDP52 in the mechanism of KapB-mediated PB disassembly and 2) pinpoint that the

LIR and UBD domains of NDP52 are required for this mechanism.
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Figure 4.6: NDP52 over-expression rescues PB disassembly in shNDP52 KapB-
expressing cells. (A-B) HUVECs were transduced and selected in parallel with control
cells in Figure 4.5 prior to fixation for immunofluorescence. (A) HUVECs were stained
for immunofluorescence and imaged as in Figure 4.5 (A). Scale bar =20 uM (B)
HUVECs were stained for immunofluorescence, imaged and PB numbers were quantified
as in Figure 4.5 (B). Data is represented as the mean number of PBs per cell per
condition; n=3.

101



These results confirm that it is the ability of NDP52 to act as a selective autophagy
receptor, and not another function, that is important for KapB-mediated PB disassembly.
Since NDP52 is required for KapB-mediated PB disassembly, and we know from
previous work that PB disassembly correlates with increased ARE-mRNA stability, |
used shRNA-expressing lentiviruses to knockdown NDP52, OPTN and p62 and
examined KapB-mediated ARE-mRNA stabilization (Corcoran et al., 2015, 2011). This
approach capitalized on an established reporter assay that measures luciferase activity of
a firefly luciferase (Fluc) construct that harbours an AU-rich element derived from GM-
CSF in its 3’UTR, making the mRNA subject to constitutive decay (Corcoran et al.,
2011). For this assay, HeLa Tet-Off cells were transduced with recombinant lentivirus
expressing a control shNS or an shRNA targeting NDP52, OPTN or p62 (Figure 4.7A-B).
Following selection and recovery, cells were co-transfected with the Fluc-ARE, a Renilla
luciferase construct lacking an ARE (Rluc) as a transfection control, and a KapB
expression plasmid or vector control (Figure 4.7A-B). 36h following transfection, DOX
was added to cells to inhibit de novo transcription of both the Fluc and Rluc genes and
12h later, cell lysates were collected and assayed for Firefly and Renilla luciferin protein
levels by luminescence (Figure 4.7A-B). The protein function reflects the level of mRNA
remaining for translation 12h following the inhibition of de novo transcription, making
this a robust assay to detect changes in Fluc mRNA stability or turnover (Figure 4.7A-B).
As expected from previous data, KapB expression results in Fluc ARE-mRNA
stabilization compared to vector cells (Corcoran et al., 2011; Corcoran, Johnston &
McCormick, 2015). KapB expression increased normalized relative luciferase activity by

21-fold on average compared to vector (Figure 4.7C).

102



Figure 4.7: NDP52 is required for KapB-mediated ARE-mRNA stabilization.

(A-B) HeLa Tet-Off cells were transduced with recombinant lentivirus expressing
shRNAs targeting NDP52, OPTN, p62 or a shNS control. Following puro selection, cells
were seeded and co-transfected with an ARE-containing Firefly luciferase (Fluc) reporter
plasmid, a Renilla luciferase (Rluc) reporter plasmid lacking an ARE, and either a KapB
expression plasmid or vector control. 36h post transfection, cells were treated with DOX
to inhibit de novo transcription of Fluc and Rluc for 12h before lysis. (C-D) Fluc
luminescence recordings were normalized to Rluc luminescence and the relative of the
control (vector shNS or KapB shNS) was set to 1. Data is represented as the mean fold
change in the relative luciferase activity of each condition compared to vector shNS or
KapB shNS; n=3. An un-paired, one sample, two-tailed non-parametric T-Test was
performed; * = P<0.05 **=P<(.01. (E) Protein knockdown was confirmed by
immunoblotting using primary antibodies for NDP52, OPTN or p62. Representative
immunoblots are shown. Immunoblots were normalized as in Figure 3.1 and are
expressed as the mean fold change in expression relative to the respective shNS control +
SEM; n=3.
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Given the substantial increase in cells with normal PBs, observed in KapB-expressing
cells with NDP52 knockdown, I hypothesized that there would be a decrease of ARE-
mRNA stability in KapB-expressing cells with NDP52 knockdown as the labile RNAs
would be shuttled to the available PBs for degradation. The knockdown of NDP52 in
KapB-expressing cells significantly reduced relative luciferase activity compared to
KapB shNS by approximately 50% suggesting that NDP52 is required for KapB-
mediated ARE-mRNA stabilization (Figure 4.7D). This effect was specific to NDP52, as
the knockdown of OPTN and p62 did not significantly alter KapB-mediated ARE-mRNA
stabilization (Figure 4.7D). For each independent experiment, paired lysates were
immunoblotted to confirm shRNA knockdown efficiency. The mean knockdown
efficiency for shNDP52-1, shOPTN-1 and shp62 was over 70% on average for each
construct (Figure 4.7E). Therefore, NDP52 but not OPTN and p62 is required for KapB-
mediated ARE-mRNA stabilization.

4.2 Characterizing KapB-Induced Increases in Steady-State

ARE-mRNA Expression

We know KapB induces autophagy and PB disassembly and these PB changes
correlate with increased ARE-mRNA stabilization, as has been determined by our ARE-
mRNA luciferase reporter assay (Corcoran, Johnston, & McCormick, 2015; Corcoran et
al., 2011, Corcoran (unpublished)). However, we do not know if KapB expression also
increases steady-state levels of endogenous ARE-mRNAs that code for many
inflammatory cytokines. To determine whether inflammatory ARE-mRNAs were
upregulated by KapB expression, I first used LPS to stimulate the transcription of

inflammatory mRNAs. This is because under basal conditions, many inflammatory ARE-
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mRNAs are expressed at low levels in endothelial cells without stimulation, preventing
accurate detection even after mRNA stability changes (Nilsen et al., 1998). Vector and
KapB-transduced HUVECs were stimulated with LPS for 6 or 12h prior to lysis for total
RNA. Following RNA extraction and reverse transcription, I used qPCR to determine the
relative expression of the ARE-mRNAs; IL-6, CXCL8, TNF, GM-CSF and IL-1p. Fold
change in transcript expression for each condition was normalized to the untreated vector
control.

To our surprise, KapB expression increased the steady-state levels of IL-6 relative
to vector control cells by 2.6-fold without any LPS treatment; this was magnified at 6h
post LPS, where KapB expression increased IL-6 275.2-fold relative to the untreated
vector control (Figure 4.8). The increase in IL-6 transcript detection was KapB specific,
as vector cells increased IL-6 4.6-fold at 6h post LPS (Figure 4.8). By 12h post LPS this
KapB-mediated increase in IL-6 had decreased substantially (20-fold relative to untreated
vector), indicating the transient nature of this response. KapB expressing cells contained
an approximately 2-fold increase in levels of CXCLS8 without treatment. CXCLS steady
state levels did not significantly differ between vector and KapB after 6h and 12h of LPS
treatment (Figure 4.8). COX-2 expression was not significantly changed by KapB
expression at steady-state or after LPS treatment (Figure 4.8). KapB-expressing cells
display increased steady-state levels of both GM-CSF (3.8-fold increase) and TNF (5.3-

fold increase) (Figure 4.8).
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Figure 4.8: KapB increases select endogenous ARE-mRNAs. HUVECs were
transduced with recombinant lentivirus expressing KapB or a vector control. Cells were
selected with bsd and recovered for 24h prior to treatment with LPS (1 ng/mL) for 6 or
12h. At each time point cells were lysed for total RNA. 750 ng of total RNA was reverse-
transcribed and amplified by qPCR. IL-6, CXCLS8, COX-2, GM-CSF, TNF and IL-18
Cgs were normalized to the reference gene, 18S. Data is represented as the fold change in
target transcript expression relative to the untreated vector control and was quantified
using the AACq method £ SEM where appropriate. Data for IL-6, CXCL8 and COX-2;
n=3. Data for GM-CSF, TNF and IL-1p; n=2. Statistical significance of data for IL-6,
CXCLS8 and COX-2 was determined by two-way repeated measures ANOVA with
Tukey’s multiple comparison test.
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At 6h post LPS, KapB cells displayed a KapB specific increase in levels of GM-CSF and
TNF). Interestingly, steady-state levels of IL-1p were decreased in KapB-expressing
cells, while at 6h post LPS both vector and KapB cells respond similarly to this length of
treatment and display a respective 42- and 52- fold increase in IL-1P (Figure 4.8).
Notably at 12h post LPS, vector cells contain a 61- fold increase in IL-1 while transcript
expression in KapB-expressing cell drops to a mere 1.6-fold increase relative to vector
control (Figure 4.8). These results suggest KapB may be down-regulating the expression
of IL-1p in response to LPS stimulation.

In summary, these data demonstrate that without LPS stimulation, KapB
expression promotes a small increases in the steady-state levels of certain endogenous
ARE-mRNAs; IL-6 (2.6-fold), GM-CSF (3.8-fold) and TNF (5.3-fold) relative to vector
control cells (Figure 4.8). Ectopic expression of KapB caused a more substantial increase
in the levels of IL-6 (p<0.001), GM-CSF and TNF transcripts 6h post LPS relative to
vector cells at the same time point (Figure 4.8). Overall, these data highlight the complex
role KapB plays in influencing immune-modulatory ARE-mRNA expression and suggest
that KapB increases levels of some inflammatory ARE-mRNAs but not others. The
precise reasons for this complexity are not understood.

We know that KS lesions are surrounded by a proinflammatory and angiogenic
environment that is required for KS progression, and that latently infected endothelial
cells can recapitulate this effect in vitro by producing cytokines that are secreted into the
surrounding media (J. An et al., 2002; Barbara Ensoli et al., 2010; Barbara Ensoli &
Stiirzl, 1998; Montaner et al., 2003). KapB would normally be expressed in KSHV latent

infection in an environment where these cells are bathed in cytokine-containing
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surroundings. I speculated that mimicking the KSHV infection environment by exposing
cells to these secreted cytokines would cause paracrine and autocrine signaling, which
would enhance levels of ARE-mRNAs in KapB cells. To mimic this in the lab, I treated
KapB-expressing or control HUVECs with conditioned media from iSLK.219 cells
which harbor the latent KSHV.219 virus. The conditioned media was combined 1:1 with
fresh HUVEC EGM-2 media and used to treat vector and KapB-expressing HUVECs for
0 or 6h. At 0 and 6h post treatment with conditioned media, total RNA was harvested and
the relative expression of IL-6, CXCLS8, IL-1p and COX-2 in vector and KapB HUVECs
was assessed using qPCR; all conditions were normalized to the vector untreated control.
Without treatment, the steady-state levels of IL-6, CXCLS, IL-1 and COX-2 in
KapB cells were increased by 2.6-, 2.0-, 5.4- and 2.0- fold relative to vector control
(Figure 4.9). In Figure 4.8, IL-6 and CXCLS8 were increased at a similar magnitude to
that seen in Figure 4.9; however, in this set of experiments there is an increase in the
steady state expression of COX-2 an IL-1f not detected in Figure 4.8. The reason for this
inconsistency is not known; however, it may result from improved KapB transduction
efficiency in this later experiment. At 6h post media transfer, transcript increases in IL-6
(9.9-fold) and COX-2 (4-fold) were specific to KapB-expressing cells (Figure 4.9).
Relative to vector and KapB untreated controls, there were no noteworthy changes in
CXCLS or IL-1p levels in vector or KapB cells at 6h post conditioned media treatment
(Figure 4.9). Although there is some variation in the biological replicates obtained for
these experiments, these data further support previous work that and suggests that KapB
amplifies the mRNA increases that are observed from or conditioned media or LPS-

mediated increased transcription alone.
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Figure 4.9: KapB-expressing cells treatment with conditioned media from KSHV
infection increases IL-6. HUVECs were transduced with recombinant lentivirus
expressing KapB or a vector control. Cells were selected with bsd and recovered for 24h
prior to treatment with conditioned media derived from 72h cultures of iSLK.219 cells
(KSHYV latently infected) media for 6h. At each time point cells were lysed for total
RNA. 750 ng of total RNA was reverse-transcribed and amplified by qPCR. IL-6,
CXCLS8, COX-2, and IL-1p Cqgs were normalized to the reference gene 18S. Data is
represented as the fold change in target transcript expression relative to the untreated
vector control and was quantified using the AACq method + SEM; n=3.
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4.3 NDP52 Knockdown Reduces Levels of Select ARE-mRNAs

Having determined that several endogenous immuno-modulatory ARE-mRNAs
are upregulated by KapB, I investigated whether the knockdown of NDP52 impacted
steady-state levels of the same endogenous ARE-mRNAs. Vector and KapB-expressing
HUVECs were transduced with a recombinant lentivirus expressing an shRNA targeting
NDP52 (shNDP52-1) or a shNS control. Cells were recovered and treated with LPS for
6h. Treated and control cells were lysed for total RNA and the relative expression of IL-
6, CXCL8, COX-2 and GM-CSF was determined using qPCR. All conditions were
normalized to vector shNS untreated control. Given that the knockdown of NDP52
increased PB number in both vector and KapB-expressing cells; I anticipated that NDP52
knockdown would decrease the levels of certain ARE-mRNAs relative to a shNS control.

Although only one biological replicate was completed for this experiment,
preliminary results show that in vector cells, NDP52 knockdown reduces the expression
of ARE-mRNAs; GM-CSF (Vector: shNS - 367-fold increase shNDP52 -233-fold
increase) and CXCLS slightly (Vector: shNS - 73-fold increase; shNDP52 - 58-fold
increase) 6h post LPS stimulation. There was no substantial impact of shNDP52
knockdown on the surveyed transcripts without exogenous stimulation. In KapB-
expressing cells, the knockdown of NDP52 had very little impact on mRNA expression
without LPS stimulation. With LPS stimulation the relative expression of IL-6 and
CXCLS8 was not impacted by NDP52 knockdown while the expression of COX-2 was
slightly increased and the expression of GM-CSF was decreased substantially (KapB:

shNS - 620-fold increase; shNDP52 - 389-fold increase).
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Figure 4.10: NDP52 Knockdown reduces expression of GM-CSF post LPS
stimulation. HUVECs were sequentially transduced with recombinant lentivirus
expressing KapB or a vector control. Cells were selected with bsd and transduced with
recombinant lentivirus expressing shRNAs targeting NDP52 (shNDP52-1) or a shNS
control. Cells were selected with puro and treated with LPS (1 pg/mL) for 6h. At each
time point cells were lysed for total RNA. 500 ng of total RNA was reverse-transcribed
and amplified by qPCR. IL-6, CXCL8, COX-2 and GM-CSF were normalized to the
reference gene 18S. Data is represented as the fold change in target transcript expression
relative to the untreated vector shNS control and was quantified using the AACq method;
n=1.
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Although preliminary, these results show an interesting role for NDP52 in the regulation
of GM-CSF expression, and highlight the complicated role NDP52 plays in inflammatory
transcript expression in both vector and KapB-expressing cells.

4.4 NDP52 is Not Required for MK2EE-Mediated PB Disassembly

and ARE-mRNA Stabilization

Previous research from our lab demonstrated that KapB binds and activates MK2
and that the downstream MK2 signaling cascade causes PB disassembly (Corcoran et al.,
2015; McCormick & Ganem, 2005). Consequently, I sought to establish whether the
selective autophagy receptor, NDP52, was responsible for PB disassembly independent
of KapB by using a phosphomimicking form of MK2 called MK2EE. In MK2EE,
threonines 205 and 317 that are normally phosphorylated by upstream kinase p38 are
substituted with glutamate to mimic the negatively charged phosphates, opening MK2 to
its active form in a constitutively active manner (Engel et al., 1995).

In order to investigate the role of selective autophagy in MK2-mediated PB
disassembly, I utilized the lentiviruses expressing shRNAs targeting NDP52, OPTN and
p62 in vector and MK2EE-expressing HUVECS as described in section 4.1. The mean
knockdown efficiency of NDP52, OPTN and p62 were greater than 88%, 53% and 76%
respectively in vector and MK2EE expressing cells (Figure 4.11). Analysis of
knockdown efficiency was performed in parallel with phenotypic characterization (Figure
4.12) in all cases. In parallel experiments, I stained cells for PBs as in section 4.1. shNS
vector-expressing cells contained 6.5 PBs per cell; as expected, MK2EE expression
reduced the mean number of PBs per cell to 2.2 PBs per cell (Figure 4.12B). In vector

cells NDP52 knockdown increased the mean PB number per cell 8.3, while the
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Figure 4.11: RNA interference reduces steady-state levels of selective autophagy
receptors in control and MK2EE-expressing cells. HUVECs were transduced with
recombinant lentivirus expressing constitutively active FLAG-MK2EE (MK2EE) or a
vector control and were selected with bsd. Cells were re-seeded and transduced with
recombinant lentivirus expressing shRNAs targeting NDP52, OPTN, p62 or a shNS
shRNA control and were selected with puro prior to lysis for immunoblotting. Lysates
were immunoblotted and quantified as in Figure 4.1. Representative immunoblots are

shown. Data is expressed as the mean fold change in expression relative to the respective
vector or MK2EE shNS control + SEM; n=3.

114



Figure 4.12: NDP52 knockdown does not reverse MK2EE-mediated PB
disassembly. (A-B) HUVECs were transduced and selected as in Fig 4.11 prior to
fixation for immunofluorescence. (A) HUVECs were stained using primary antibodies
for Hedls (PBs; red) and FLAG (green) and phalloidin (F-actin; blue). Representative
images for each condition were taken using the Zeiss LSM 510 Meta. Scale bar = 20 uM
(B) HUVECSs were stained for immunofluorescence with DAPI (nuclei), WGA (to denote
cellular membranes and using primary antibodies for Hedls (PBs) and FLAG (MK2EE).
Cells were imaged on the Zeiss Axiolmager Z2 (100+ cells, >6 fields of view) and the
mean number of PBs per cell were quantified using an automated image analysis pipeline
in CellProfiler. Data is represented as the mean number of PBs per cell per condition;
n=3.
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knockdown of OPTN and p62 caused a reduction in the mean number of PBs per cell
(OPTN — 2.3 PBs per cell; p62 — 3.6 PBs per cell) (Figure 4.12). Contrary to our
expectations, MK2EE-expressing cells with NDP52 knockdown displayed further
decreases in the number of PBs per cell (1.5 PBs per cell) while the knockdown of OPTN
and p62 caused a slight increase in the mean number of PBs per cell in these conditions
(OPTN- 3.3 PBs per cell; p62 — 3.7 PBs per cell) (Figure 4.12). Neither OPTN, NDP52
or p62 knockdown substantially increased the number of PBs within MK2EE-expressing
cells. In addition to causing PB disassembly, MK2EE expression also increases ARE-
mRNA stabilization, as previously observed (Corcoran et al., 2015).

Given my results indicating that the knockdown of NDP52, OPTN and p62 does
not reverse MK2EE-mediated PB disassembly, I examined whether the knockdown of the
selective autophagy receptors impacted ARE-mRNA stabilization using the ARE-mRNA
stabilization luciferase assay described in section 4.1. I expected that NDP52 OPTN and
p62 knockdown would not cause a decrease in ARE-mRNA stabilization as there are few
PBs within these cells. HeLa Tet-Off cells were transduced as in Figure 4.7 and
transfected with a vector control or MK2EE and Fluc-ARE, Rluc. Cells were treated,
harvested and assayed for Firefly and Renilla luciferin protein levels as described in
section 4.1. As anticipated, MKEE expression increased the relative luciferase activity by
approximately 10-fold (Figure 4.12 A). The knockdown of NDP52 significantly
increased MK2EE-mediated increases in relative luciferase activity by 80%; while
knockdown of OPTN and p62 increased the relative luciferase activity by 30% and 6%
respectively (Figure 4.12 B). The knockdown efficiency from lysates collected in parallel

to this experiment were confirmed by immunoblotting. The mean knockdown efficiency
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Figure 4.13: NDP52 knockdown increases MK2EE-mediated ARE-mRNA
stabilization. (A-C) HeLa Tet-Off cells were transduced with recombinant lentivirus
expressing shRNAs targeting NDP52, OPTN, p62 or a shNS control. Following puro
selection, cells were re-seeded and co-transfected with an ARE-containing Firefly
luciferase (Fluc) reporter plasmid, a Renilla luciferase (Rluc) reporter plasmid lacking an
ARE, and either a MK2EE expression plasmid or vector control. 36h post transfection,
cells were treated with DOX to inhibit de novo transcription of Fluc and Rluc for 12h
before lysis. (A-B) Fluc luminescence recordings were normalized to Rluc luminescence
and the relative of the control (vector shNS or MK2EE shNS) was set to 1. Data is
represented as the mean fold change in the relative luciferase activity of each condition
compared to vector shNS or MK2EE shNS; n=3. An un-paired, one sample, two-tailed
non-parametric T-Test was performed; * = P<0.05 **=P<0.01. (C) Protein knockdown
was confirmed by immunoblotting using primary antibodies for NDP52, OPTN or p62.
Representative immunoblots are shown. Immunoblots were normalized as in Figure 3.1
and are expressed as the mean fold change in expression relative to the respective shNS
control + SEM; n=3.
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of NDP52 OPTN and p62 was greater than 70% for all shRNAs (Figure 4.13). Overall
these results suggest that neither NDP52, p62 or OPTN are essential for MK2-EE
induced PB disassembly or ARE-mRNA stabilization. Moreover, these data suggests that
while both KapB and MK2EE can induce PB disassembly, the precise mechanistic details
of this process may differ; an important observation that will be the subject of future

work in the Corcoran lab.
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Chapter 5 Discussion

5.1 Overview

KSHYV hijacks normal cellular signaling to create an environment that allows life-
long viral infection. This cellular de-regulation in conjunction with immunodeficiency
can cause oncogenic transformation of ECs resulting in KS. KS is characterized by
prolonged inflammation, angiogenesis and proliferation (Chang & Moore, 1996; Ensoli
& Stiirzl, 1998; Ensoli et al., 2010). Primary ECs infected with KSHV display a
characteristic spindled phenotype and express high levels of proinflammatory cytokines
and angiogenic mediators. These phenotypes, in conjunction with PB disassembly, are
detected when the viral protein, KapB is ectopically expressed in primary ECs (Corcoran
et al., 2015; McCormick & Ganem, 2005). Unpublished data from the Corcoran lab
shows that KapB upregulates autophagy and that inhibiting autophagy inhibits KapB-
mediated PB disassembly in ECs. However, several questions remain including (1) does
KapB induce selective autophagy to induce selective targeting of PBs or PB components
for degradation? (2) do changes in selective autophagy alter the expression of ARE-
mRNAs during KapB expression?

I used two approaches to determine if KapB induced selective autophagy to
facilitate PB disassembly. I developed a fluorescence-based assay to monitor bulk
autophagy, mitophagy and selective autophagy of PB components DCP1A and DDX6. I
determined that autophagic flux regulates both DCP1A and DDX6, but results were
inconclusive as to whether KapB expression induced PB component selective catabolism
more than other cytosolic cargos. Next, I used shRNAs to reduce the levels of NDP52,

OPTN and p62 and monitored PB dynamics by immunofluorescence. I determined that
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NDP52 is required for KapB-mediated PB disassembly. Furthermore, I showed that
NDP52 is required for ARE-mRNA stabilization using an established luciferase assay.
Using qPCR, I determined that KapB-expression increased levels of certain ARE-
mRNAs and preliminary results suggested that the levels of one of these ARE-mRNAs
encoding GM-CSF, is affected by NDP52 expression. These results are consistent with a
unique model in which a viral protein induces the specific disassembly of PBs via the
selective autophagy receptor NDP52. PB disassembly promotes inflammatory ARE-
mRNA stabilization, thereby contributing to the proinflammatory environment typical of
KSHYV latent infection and KS lesions.

5.2 Developing a Fluorescent Tool to Monitor Selective

Autophagy

5.2.1 mKeima-Based Assays: Advantages and Limitations

The selective autophagy field suffers from a lack of convenient and established
methods designed to monitor the autophagic degradation of specific cargos; therefore,
there is value in developing an mKeima-based assay to monitor the PB selective
autophagy. Creating mKeima-fusion proteins provides a unique opportunity to measure
many different types of selective autophagy including pexophagy, xenophagy and
granulophagy. This approach has been used by An & Harper (2017) to compare rates of
ribophagy to bulk autophagy (mKeima-LC3) and other cytosolic cargo such as the
cytoskeletal reporter (mKeima-actin) or a mitophagy reporter (mKeima-TOM?20). An &
Harper (2017) demonstrated that arsenite induced the comparatively selective
acidification of ribo-mKeima reporters but not LC3-mKeima, mKeima-actin or mKeima-
TOM20.
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There are several advantages of mKeima-based assays to monitor selective
autophagy. Unlike most autophagic flux assays, mKeima probes do not rely on LC3
modification and thus can monitor Atg5-independent autophagic flux (Katayama et al.,
2011). This is important because some incidences of mitophagy are Atg5-independent,
indicating that other cargos degraded by selective autophagy involve Atg5-indpendent
autophagy (Shimizu, 2018). Since mKeima assays can be monitored using confocal
microscopy, flow cytometry and immunoblotting, the technique is relatively accessible
and the large Stokes shift between the fluorophore excitation and emission permits
monitoring of GFP labelled structures in conjunction with mKeima constructs (H. An &
Harper, 2017; Katayama et al., 2011). Lentiviral expression of mKeima vectors also
allows selective autophagy monitoring in many cell types and Mito-mKeima constructs
have been used to monitor mitophagy in vivo (N. Sun et al., 2015). The adaptability of
mKeima reporters and the many ways reporters can be monitored highlights the
usefulness of mKeima-based techniques.

There are also several limitations to the mKeima-based assays. mKeima-
containing samples must be analyzed in living cells because chemical fixation ablates
lysosomal pH differences and reporters must be analyzed relatively quickly to avoid
environmental stressors that alter mKeima localization (H. An & Harper, 2017;
Katayama et al., 2011). Furthermore, mKeima probes cannot detect early stages of
autophagy and using flow cytometry, morphological changes in cells cannot be detected.
In summary, with the appropriate experimental considerations, mKeima-based assays

provide a valuable tool to monitor many different types of selective autophagy.
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5.2.2 Monitoring PB Component Degradation Using mKeima Reporters

In this study, the pH-dependent fluorescent protein mKeima was used to develop
a novel quantitative assay to determine if KapB expression increases bulk
macroautophagy or the selective autophagy of PB proteins. I cloned mKeima fusion
proteins to monitor bulk autophagy (mKeima-LC3) or PB selective autophagy (mKeima-
DCPI1A and mKeima-DDXG6). [ used DCP1A and DDX6 as my PB reporters because
several papers have conclusively linked DCP1A and DDX6 to the maintenance and
assembly of PBs (Chiang et al., 2013; Cougot et al., 2012; Tenekeci et al., 2016). We
have also observed their disappearance in response to KapB (immunofluorescence for
endogenous DDX6 puncta and the GFP-DCP1A reporter both decrease after KapB
expression). I obtained a mito-mKeima construct to monitor mitophagy as a form of
selective autophagy which I predicted would not respond to KapB expression.

Flow cytometry experiments verified that all mKeima constructs were responsive
to upregulators (Torin) or late-stage block (Bafilomycin) of autophagic flux (Figures 3.9,
3.10). As expected, the mKeima-LC3 reporter responded robustly, as LC3 is an essential
and ubiquitous component of autophagic machinery (Figure 3.9). Both tagged PB
reporters displayed slight yet significant changes after Torin treatment; this is a novel
observation for DCP1A and DDX6 and is consistent with previous findings that show
that steady state levels of some PB proteins (DCP1A, Pat1B, XRN1) decrease with
autophagy induction and accumulate with late-stage autophagy inhibition (Robinson and
Corcoran, unpublished) (Figure 3.10). However, the magnitude of the PB reporter
response was quite small compared to the other reporters, indicating that DCP1A and

DDX6 are not common autophagic substrates. In line with this, no significant differences
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were detected in PB reporter construct acidification after KapB expression (Figure 3.11).
KapB induces autophagy but using the LC3 and p62 turnover assays we know KapB
induced increases in autophagic flux are not as robust as those induced by Torin
treatment. Since KapB autophagy induction is not as robust as using Torin and Torin
induced small changes in PB-reporter acidification, I believe that this flow-cytometry
based assay is not sensitive enough to detect the small changes in autophagic degradation
of PB reporters.

Other studies of selective autophagy have monitored mKeima-fusion protein
processing as a way to quantitate selective degradation, as the level of processed relative
to intact mKeima reflects the rate of turnover (H. An & Harper, 2017). KapB increased
detection of processed mKeima-LC3; this confirms previous experiments that KapB
increases autophagic flux (Figure 3.12). As expected, KapB expression did not alter
levels of processed mito-mKeima. Unfortunately, processed mKeima bands from both PB
reporter fusions were too faint to quantify in KapB and control cells, even when excess
total protein was immunoblotted (Figure 3.12). Therefore, experiments with PB mKeima
reporters were inconclusive.

Using knock-in cell lines, lentiviral transduction of constructs or flow-sorting for
high mKeima-construct expressing cells may help mitigate construct expression issues. It
is also likely that each protein has a different turnover rate and thus harvest time must be
optimized for each construct post-KapB expression. Basal rates of selective autophagy
and autophagy in cells vary, therefore using a cell line other than HEK293T cells, which
have high rates of basal autophagy, may increase the robustness of responses detected

using the mKeima reporters (Musiwaro, Smith, Manifava, Walker, & Ktistakis, 2013).
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Furthermore, one must be cautious with extended or high concentration drug treatments
as autophagy inducers such as Torin can also increase lysosomal biogenesis thus
confounding results that suggest increased lysosomal delivery (Martina et al., 2014). Post
optimization, the PB reporters would be useful for determining if selective autophagy
receptor knockdown e.g. NDP52 stunts PB reporter turnover or whether KSHV infection
changes PB reporter turnover.

Given my results, mKeima-based assays provide a useful tool for when treatments
are anticipated to have robust effects on mKeima-constructs. Flow cytometry-based
assays are amenable to high throughput experiments upon optimizing timing of construct
turnover and expression levels. Microscopy-based mKeima techniques also provide an
opportunity to visualize the delivery of diverse cargos to lysosomes and autolysosomes.
mKeima assays require optimization, but this optimization does not detract from the
inherent value of the technique as it is one of the only ways to directly monitor the

selective nature of autophagy.

5.3 PB Disassembly is Regulated by Selective Autophagy

Receptor NDP52

As an alternate method to investigate whether KapB engages selective autophagy
to facilitate PB disassembly, I knocked down the expression of known receptors of SA
(NDP52, OPTN and p62) and monitored PB dynamics via immunofluorescence. The
knockdown of NDP52 but not OPTN or p62 reversed KapB induced PB disassembly and
increased the number of PBs per cell in control cells (Figures 4.2, 4.3). Rescue of 3’-UTR

targeted NDP52 knockdown with RFP-NDP52 restored PB disassembly in a KapB-
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specific manner; whereas the UBD, LIR/UBD and Crohn’s variant constructs failed to
restore KapB-mediated PB disassembly to the same extent (Figures 4.5, 4.6). These
results are significant because they identify NDP52 as being required for KapB-mediated
PB disassembly. Moreover, these results suggest that PB disassembly relies on NDP52’s
ability to form a molecular bridge, linking LC3-binding to binding of ubiquitinated cargo.
These results support my hypothesis that NDP52 is a selective autophagy receptor for
PBs or PB component(s).

5.3.1 Potential Mechanism of PB Granule Disassembly via NDP52

There are several lines of evidence supporting that ribonucleoprotein granule (PBs
and other granules) turnover is regulated by selective autophagy. Guo et al., (2014)
detected colocalization of GFP-DCP1A with fluorescently labelled p62 and NDP52,
suggesting interaction between the two proteins. The selective autophagy receptor VCP
also targets SGs to growing phagophores in response to proteotoxic stress (Buchan et al.,
2013). In our lab, we observed that steady-state levels of some PB components (e.g.
DCP1A) decrease in response to autophagy induction while levels of other proteins like
(e.g. Hedls) remain unchanged (Corcoran, unpublished). These results suggest a model
that invokes the selective autophagy of key PB proteins, the loss of which induces PB
disassembly so that PBs are no longer visible via immunofluorescence. This model of
RNA granule disassembly has been observed in C. elegans, where the binding of P
granule (similar in structure and function to PBs) components to an adaptor protein,
SEPA-1, facilitated P granule component targeting to the C. elegans “LC3”, resulting in

P-granule dissolution (Zhao, Tian, & Zhang, 2009). Altogether, these data support our
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hypothesis that PB components are targeted for selective degradation, promoting PB
disassembly.

The identity of the PB component(s) that interact with NDP52 or the regulation of
this interaction is not yet clear. BioGRID is an open access database that contains
protein-protein interactions data for humans and other model organism species (Stark et
al., 2006). A search for NDP52 interactors on BioGRID identified PB-resident proteins
DDX6, MyoVI and LSM4 as possible interacting partners (Stark et al., 2006). DDXG6 is
an interesting candidate in this regard, as electron microscopy studies of PBs showed that
it forms the outer shell of PBs and its removal causes granule disassembly (Cougot et al.,
2004). Future work in the lab will use NDP52 co-immunoprecipitation in KapB-
expressing cells, followed by mass spectrometry to identify PB proteins that complex
with NDP52 specifically after KapB expression.

5.3.2 Potential Molecular Mechanisms Regulating NDP52-Mediated PB Disassembly

Ubiquitination is one mechanism that promotes selective autophagy receptor
cargo identification and binding (Shaid, Brandts, Serve, & Dikic, 2013). NDP52 has a
UBD in the zinc-finger domain that is crucial for cargo identification and binding. The
removal of the ubiquitin binding domain renders NDP52 unable to localize to and bind
Salmonella typhimurium (Cemma, Kim, & Brumell, 2011; Xie et al., 2015b). The UBD
of NDP52 mediates binding to M1-, K63-, K48- and mono-ubiquitinated chains with no
clear preference for any particular ubiquitin linkage (Xie et al., 2015). This is unusual, as
other sequestosome-like family members, p62 and OPTN display K63-ubiquitin binding
preference and hence K63-linkages are believed to target cargo for autophagic over

proteasomal degradation (Linares et al., 2013; Richter et al., 2016; Xie et al., 2015).
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Although there is very little evidence regarding post translational modifications (PTMs)
on PB proteins, Tenekeci et al., (2016) identified that DCP1A, DCP2 and EDC3 are
ubiquitinated suggesting that these PB proteins could be marked for turnover by
ubiquitination that induces their autophagic degradation. The knockdown of K63-
ubiquitination also prevented DCP1A interaction with Hedls and XRN1 and induced PB
disassembly (Tenekeci et al., 2016). In this study, PB disassembly correlated to
stabilization of several inflammatory ARE-mRNAs, including IL-6 and COX-2, further
supporting our hypothesis that PBs are important regulators of ARE-mRNA stabilization
(Tenekeci et al., 2016). I predict that whichever PB component is bound by NDP52, this
is done in a ubiquitin-dependent manner. Consequently, identifying the ubiquitin status of
co-precipitating PB proteins via proteomics experiments or other approaches could help
identify which proteins are targeted in KapB-mediated PB disassembly.

In addition to identifying the target cargo, it is also important to understand how
KapB modifies NDP52 activity. From the observation that wild-type NDP52 expression
only rescues PB disassembly in the context of KapB expression, I believe this implies
there is a KapB-specific NDP52 or PB cargo activation step that is not present in the
control cells. A key way that selective autophagy receptor activity is modulated is via
post-translational modification. In some experiments, I observed a higher mobility band
on NDP52 immunoblots that is increased only in cell lysates derived from KapB-
expressing cells. In other experiments, KapB expression appears to increase the steady
state levels of NDP52. Lu, den Brave, & Jentsch, (2017) suggest that receptor
oligomerization is a main regulator of selective autophagy receptor binding. This is

further supported by data that shows p62 oligomerization stabilizes its binding to LC3B
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and promotes its interaction with K63- and K48-ubiquitin chains (Wurzer et al., 2015).
Though NDP52 forms dimers and trimers through its coiled-coil domain, the functional
relevance of NDP52 oligomerization has yet to be characterized (Kim, Beom Hong, Hoe
Kim, Hoon Kwon, & Kyu Song, 2013). My results are consistent with the possibility that
NDP52 oligomerization is important for KapB-mediated PB disassembly. KapB-
expressing cells rescued from NDP52 knockdown with a UBD/LIR mutant NDP52
displayed fewer PBs/cell than NDP52 knockdown alone (Figure 4.6). This suggests that
another mechanism like oligomerization contributes to the activity of NDP52-mediated
PB disassembly. To directly address this, I would like to examine PB dynamics in KapB-
expressing cells rescued from NDP52 knockdown with an oligomerization NDP52
mutant and determine the importance of NDP52 receptor oligomerization in PB cargo
targeting and degradation.

Post translational modifications (PTMs) including phosphorylation also regulate
selective autophagy receptor activity. TANK binding kinase 1 (TBK1) phosphorylates
OPTN and p62 to enhance interactions with LC3 orthologs and ubiquitinated cargo; this
phosphorylation is essential for efficiency xenophagy and mitophagy (Lazarou et al.,
2015; Matsumoto, Wada, Okuno, Kurosawa, & Nukina, 2011; Thurston, Ryzhakov,
Bloor, von Muhlinen, & Randow, 2009; Wild et al., 2011). NDP52 has a SKICH domain
that is also phosphorylated by TBK1 which is indirectly recruited to the selective
autophagy receptor (Fu et al., 2018; Heo, Ordureau, Paulo, Rinehart, & Harper, 2015;
Thurston et al., 2009). Although the impacts of this phosphorylation are unknown, TBK1
recruitment to NDP52 promotes its localization to group A streptococcus, suggesting that

NDP52 phosphorylation may promote cargo binding (Minowa-Nozawa, Nozawa,
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Okamoto-Furuta, Kohda, & Nakagawa, 2017). Since there are no commercially available
antibodies available that detect phosphorylated NDP52, the phosphorylation status of
NDP52 after KapB expression could be investigated using Phos-Tag gels. If KapB
induces NDP52 phosphorylation, these results may suggest that TBK1 is altered by KapB
expression providing a potential mechanism of KapB-mediated NDP52 activation.

Much of the research surrounding selective autophagy regulation focuses on
PTMs and very little is known about the transcriptional control of selective autophagy
receptors. Transcription factor EB (TFEB) is a well characterized transcription factor
regulating autophagy, lysosomal biogenesis and exocytosis. There is evidence showing
TFEB activation transcriptionally upregulates p62 but it is not known whether NDP52
transcription is also increased (Rusmini et al., 2019). There is also evidence suggesting
Nuclear factor E2-related factor 2 (NRF2), a transcription factor activated in response to
oxidative stress regulates selective autophagy by inducing the transcription of NDP52
and p62 in addition to bulk autophagy genes (Atg5, Atg7 and Atgl2) (A. Jain et al., 2010;
Jo et al., 2014; Pajares et al., 2016). Given that NRF-2 is activated in KSHV-infected
cells, it would be interesting to determine whether ectopic KapB expression could
mediate NRF-2 activation or increase NDP52 transcription (Gjyshi et al., 2015). These
experiments would help determine whether KapB is activating NDPS52 transcription or
altering NDP52 in a post-transcriptional manner.

5.3.3 Alternate Roles of NDP52 in Facilitating PB Disassembly

My data suggests that KapB-mediated PB disassembly relies on NDP52 and is in
part dependent on the LIR and UBD domains, thus providing evidence that this

phenotype is due to its activity as a selective autophagy receptor and not a result of off-
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target effects. Nevertheless, knockdown experiments cannot differentiate with certainty
that the selective autophagy receptor activity of NDP52 is the reason for its importance to
KapB-mediated PB disassembly. NDP52 also plays important roles in autophagosome
maturation and transcriptional control. NDP52 contains a non-canonical LIR that displays
preferential binding of LC3 ortholog, LC3C over LC3A and LC3B (Verlhac, Gré, Viret,
& Faure, 2015; von Muhlinen et al., 2012). Cargo targeting is mediated through NDP52-
LC3C interaction, as was detected during Salmonella typhimurium infection (Verlhac et
al., 2015; von Muhlinen et al., 2012. Following cargo targeting, autophagosome
maturation was mediated in part by the binding of NDP52 to LC3A, LC3B and
MyosinVI (Verlhac, Gré, et al., 2015; von Muhlinen et al., 2012). Determining which
LC3 ortholog is required for NDP52-mediated PB disassembly after KapB expression
may provide insight into differentiating the role of NDP52 as a selective autophagy
receptor vs. autophagosome maturation. NDP52 also activates nuclear MyoVI by
stabilizing MyoV1 binding to RNA polymerase II, which causes enhanced transcription
(Fili et al., 2017; Morriswood et al., 2007). The antibody-mediated depletion of NDP52
eliminated this transcriptional response by 50% (Fili et al., 2017; Morriswood et al.,
2007). From what is known about PB dynamics, I speculate that decreased cellular
mRNA transcripts would not increase the number of PBs per cell to the level that I
observed after NDP52 knockdown. This is consistent with the model that KapB induces
NDPS52 activity as a selective autophagy receptor to mediate PB disassembly (Brengues
et al., 2005).

5.3.4 MK2EE-Mediated PB Disassembly Does Not Require NDP52
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I also investigated whether NDP52 was required for PB disassembly induced by a
constitutively active form of the kinase, MK2 (MK2EE). KapB activates MK2 and
previous work showed that MK2EE induces PB disassembly and ARE-mRNA
stabilization (Corcoran et al., 2015). I hypothesized that MK2EE-dependent PB
disassembly would also be dependent on NDP52. To our surprise, NDP52 knockdown
did not reverse MK2-EE mediated PB disassembly or ARE-mRNA stabilization as
determined by a luciferase assay (Figures 4.12, 4.13). While it is tempting to conclude
that MK2- and KapB-induced PB disassembly is mechanistically different, there are
several significant limitations to this experiment. The construct MK2EE is a
constitutively active form of MK2 that is not representative of the transient nature of
kinase activation in MAPK signalling cascades (Gurgis et al., 2014). MK2 activation also
impacts cell cycle regulation by promoting G2/M arrest (Gurgis et al., 2014; Manke et al.,
2005). Previous work shows PBs are cleared and become undetectable during late G2 and
mitosis (Aizer et al., 2013). It is highly possible that MK2EE induces cell cycle stress
thus promoting PB disassembly that is unable to be reversed by NDP52 knockdown.
Monitoring PB dynamics using other stimuli that activate MK2 (such as TNF or LPS)
may provide a less specific but more physiologically relevant activation of MK2-
mediated PB disassembly. Consistent with this, we know that TNF induces PB
disassembly (Castle and Corcoran, unpublished).

5.4 KapB Increases Steady-State Levels of Endogenous ARE-

MmRNAs

Having determined that NPDS52 is required for KapB mediated PB disassembly, I

also investigated whether KapB-mediated ARE-mRNA stabilization required NDP52.
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Using an established luciferase reporter assay that measures firefly luminescence from an
ARE-containing Fluc reporter, I showed that KapB-mediated ARE-mRNA stabilization
required NDP52 (Figure 4.7) (Corcoran et al., 2011). This reporter assay is an indirect
method of assessing ARE-mRNA stabilization; in this case, stabilization is measured by
monitoring the luminescence of a Firefly luciferase construct containing an AU-rich
element from GM-CSF that is then normalized to the luminescence of the Renilla
Luciferase transfection control. Because the assay monitors the functional activity of the
translated protein products of the luciferase constructs rather than the transcripts
themselves, the luciferase assay tends to have a very robust phenotype. However, it does
not identify specific transcripts altered by KapB expression.

To support my data derived from the ARE-mRNA stabilization reporter assay, |
used RT-qPCR to investigate if KapB upregulated the steady-state levels of endogenous
ARE-mRNAs. I chose to assay the levels of transcripts for IL-6, CXCL8, COX-2, GM-
CSF, TNF and IL-1. All of these transcripts contain AREs, KSHV infection is
associated with upregulation of these cytokines or cytokine mRNAs and KapB causes
increases the cytokines IL-6 and GM-CSF in several different cell types (Barbara Ensoli
& Stiirzl, 1998; L. Guo, Louis, & Bohjanen, 2018; King, 2013; Lane et al., 2002;
McCormick & Ganem, 2005; Miles et al., 1990; Riva et al., 2010; Sadagopan et al., 2007;
Salahuddin et al., 1988). With no pre-treatment, KapB slightly increased the steady-state
levels of TNF, GM-CSF and IL-6 relative to vector control (Figure 4.8). With no
treatment, Cq values for TNF and GM-CSF were between 32 and 35 in vector and KapB
cells; although the minimum information for publication of quantitative real-time PCR

experiments (MIQE) guidelines suggest not to disregard Cqgs under 40, it will be
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important to validate these results with a more sensitive technique like ddPCR (Bustin et
al., 2009). That said, KapB-specific increases in IL-6, GM-CSF and TNF were
maintained at 6h post LPS with Cq values <30, suggesting qPCR result reliability (Figure
4.8). These data show that certain ARE-mRNA are increased by KapB expression but
due to the complex regulation of cytokine mRNAs, these phenotypes require further
examination.

Inflammatory responses are temporally regulated and can be highly diverse. This
premise is demonstrated during de novo KSHV infection where between 5-15 min post
infection there is a significant activation of both NF-«xf3 and AKT signaling (Sadagopan et
al., 2007). Moderate activation of NF-«xf is maintained 72h into latency while 4h post
infection, AKT activation is drastically reduced (Sadagopan et al., 2007). These results
correlated to very different cytokine profiles present at 2h, 4h and 24h post infection,
demonstrating the importance of precise timing in the identification and understanding of
inflammatory cytokine responses (Sadagopan et al., 2007). Although I completed a time
course of LPS treatment (6, 12h), this may not have been enough to properly account for
the variability of mRNA half-life which can range from 15 min to 24h (Seko, Cole,
Kasprzak, Shapiro, & Ragheb, 2006). Therefore, the times chosen could prevent
detection of changes in several mRNAs due to the transient nature of these responses.
Since KapB has been expressed for >72h prior to lysis for total RNA, this time course
would also not detect transient effects due to initial KapB expression that are not
sustained over time. Consequently, the addition of several time points and using an
inducible construct to control KapB expression will provide a better understanding of

KapB-mediated changes to ARE-mRNA expression.
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Besides treatment timing, detecting changes in steady-state levels of mRNAs is
also dependent on drug type and concentration. LPS was chosen to stimulate KapB cells
as it stimulates TLR4 activation, causing the transcription of inflammatory molecules
including many with AREs (Akira & Takeda, 2004; Gruffaz, Vasan, Tan, Ramos da
Silva, & Gao, 2017; B. S. Park & Lee, 2013). Indeed, post LPS, increased levels of IL-6,
CXCLS, COX-2, GM-CSF, TNF and IL-1p were detected to varying degrees in HUVECs
(Figure 4.8). KSHYV infection is associated with constitutive upregulation of TLR4
signaling which results in chronic IL-6, IL-1p and IL-18 expression, suggesting
stimulation of KapB cells with LPS is physiologically relevant to KSHV infection
(Gruffaz et al., 2017). Nonetheless, multiple other TLRs (E.g. TLR2, TLR3) and pattern
recognition receptor are important for regulating transcription factor activation during
KSHYV infection (Jha et al., 2016). LPS also stimulates autophagy by causing reactive
oxygen species production; this complicates data analysis as it is difficult to determine
whether KapB-mediated increase in ARE-mRNAs are associated with PB disassembly or
due to KapB mediated increases in autophagy, as Torin increased CXCL8 and IL-6 and
Figure 3.2 (Sul, Park, Son, & Choi, 2017). Therefore, using other different TLR agonists
and pro-inflammatory stimuli such as lipoteichoic acid (TLR2 agonist) or poly(I:C)
(TLR3 agonist) to stimulate KapB-expressing cells would help to characterize if KapB
induced increases in IL-6, GM-CSF and TNF are stimuli-specific and PB or autophagy-
related.

In all my experiments, I have measured the steady-state level of a given mRNA
transcript, rather than mRNA stability and decay rates. It is possible that by choosing not

to determine transcript half-life, I have missed small changes in transcript decay.
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Actinomycin D inhibits de novo transcription and is commonly used to assay endogenous
mRNA decay; this approach could provide valuable insight into KapB-alterations of
specific ARE-mRNA decay rates. These experiments would also permit the
differentiation between transcriptional effects and mRNA stability effects elicited by
KapB-induced PB disassembly. Several studies suggest KapB can impact gene
transcription or transcript stabilization. King, 2013 identified that KapB induces STAT-3
phosphorylation and increases steady-state mRNA levels of downstream effector gene
CCLS5. KapB also increases stabilization of ARE-containing gene PROX-1; the master
regulator of lymphatic endothelium differentiation (Yoo et al., 2010). Lastly, KapB was
found to bind the transcription factor c-myc altering the expression and activity of
angiogenic miRNAs (H.-C. Chang et al., 2016). These studies indicate that KapB may
hijack cellular pathways and alter the transcriptional profile of cells. A nuclear-run off
assay followed by dot-plot hybridization could be used to detect wither KapB increases
specific gene transcription.

By using conditioned media from latently infected cells, I aimed to replicate the
cytokine and angiogenic factor-containing milieu that would normally be present during
latent infection. KapB expression alone induced slight increases in the levels of IL-6,
COX-2, CXCLS8 and IL-1p (Figure 4.9). After 6h of conditioned media treatment, KapB-
specific increases in IL-6 and COX-2 were detected (Figure 4.9). Because there were
some discrepancies in the baseline expression of IL-1p and COX-2 (elevated compared to
Figure 4.8) these data were difficult to interpret. The discrepancy may be due to increased
KapB transduction efficiency or result from the complex transcriptional and post-

transcriptional regulation of IL-1p and COX-2 (Fenton, 1992; Harris et al., 2011; Kang,
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Mbonye, DeLong, Wada, & Smith, 2007; Rubartelli, Bajetto, Allavena, Cozzolino, &
Sitia, 1993). However, the same experimental limitations discussed above (experiment
timing, stimulus choice and assaying steady-state levels of mRNAs instead of decay) may
also impact this set of experiments. However, taken together these data suggest that
KapB-specific increase in ARE-mRNAs can be induced with several different stimuli.

1SLK.219 cells were originally believed to be endothelial cells but were
subsequently discovered to be Caki-1 renal carcinoma epithelial cells (Stiirzl et al., 2013).
Therefore, conditioned media from these KSHV-infected epithelial cells likely contains a
cytokine profile that is distinct from that which would be derived from KSHV-infected
EC media. Endothelial cells orchestrate immune cell recruitment and inflammatory
responses and consequently, produce a wide variety of adhesion molecules and cytokines
relevant to KSHV infection including monocyte chemotactic protein-1 (MCP-1) IL-6, IL-
8, TNF (Barbara Ensoli & Stiirzl, 1998; Krishnaswamy, Kelley, Yerra, Smith, & Chi,
1999; Mako et al., 2010; Nilsen et al., 1998). The differential cytokine profile in
epithelial cells and endothelial cells may explain why the magnitude of KapB specific
increases in COX-2 and IL-6 were relatively small. Therefore, repeating conditioned
media experiments using supernatant from a primary endothelial model of KSHV
infection provides a more representative environment of KSHV infection.

There are several other experiments that would provide better insight into the
biological role of KapB-mediated ARE-mRNA stabilization during viral infection.
During viral latency, KapB would normally be co-expressed with the other products of
the latency locus, including vFLIP, vCyclin, and LANA. All of these KSHV genes can

impact the inflammatory nature of the lesion (Purushothaman et al., 2016). Therefore,
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experiments with ectopic KapB expression may not adequately represent KapB function
during KSHV infection. My experiments support this premise as without stimulation,
KapB expression elicits small steady-state increases in some ARE-mRNAs; however,
transcriptional upregulation (by LPS or conditioned media) enhances the KapB-mediated
phenotype (Figures 4.8, 4.9). Our lab recently created a suite of recombinant KSHV
viruses using the BAC16 system that target the kaposin locus (Brulois et al., 2012;
MacNeil, Kleer and Corcoran, unpublished). Using RNA-seq or Luminex technology to
assess how cytokine and cytokine mRNA levels alter between wild-type KSHV-infected
cells and AKapB KSHV-infected cells would solidly establish how KapB contributes to
the proinflammatory phenotype induced by KSHV latency.

5.4.1 The Impact of NDP52 on Steady-state Levels ARE-mRNA Requires Further

Characterization

I sought to determine whether the knock down of selective autophagy receptor
NDP52 impacted steady-state levels of ARE-mRNAs that responded to KapB expression.
I hypothesized that because NDP52 knockdown reversed PB disassembly, it would also
reverse KapB-mediated ARE-mRNA stabilization. Due to time constraints, I conducted
this experiment only once. The data showed that NDP52 knockdown does not alter IL-6
or CXCLS steady-state levels and increased COX-2 levels (Figure 4.10). The only
cytokine mRNA that responded as I predicted was GM-CSF, which displayed decreased
steady-state levels in KapB-expressing cells that lacked NDP52. This is an interesting
observation, in particular because the luciferase reporter ARE-mRNA stabilization assay,
which also responded to NDP52 knockdown, incorporates an ARE element derived from

the 3’-UTR of GM-CSF into the Fluc reporter.
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NDPS52 is a negative regulator of NF-«kf3 signaling because it mediates the
degradation of TLR adaptors molecules TRIF and TRAF6 (Inomata, Niida, Shibata, &
Into, 2012). Therefore, it is difficult to conclude whether the impact of NDP52
knockdown on cytokine mRNA levels was due to PB disassembly and the concomitant
ARE-mRNA stabilization or its regulation of NF-«f activation. In a study by Inomata et
al., (2012), knockdown of NDP52 alone did not increase expression of IL-6 and CXCLS,
but in combination with the knockdown of a ubiquitin editing enzyme A20, poly(I:C)-
induced increases in IL-6 and CXCLS8 transcripts were reduced. Clearly, there are
negative regulators of NDP52 that may mask its activity. Yang et al., detected that
NDP52 knockdown increased expression of CCLS5, IL-6 and CXCL10 in an
adenocarcinoma cell line post IL-1p stimulation, thus showing that NDP52-induced
changes in mRNA expression are cell-line and stimulus specific (S. Yang et al., 2016).
Overall, there is promising evidence indicating NDP52 alters levels of proinflammatory
mRNAs, but the precise phenotype and its regulation are not well understood.

5.5 Model of KapB function in KSHV infection

The development of KS results from complex interactions between lytic and
latent viral proteins and the immune system (Purushothaman et al., 2016). It is well
established that KSHV induced inflammation and angiogenesis plays an important role in
KS. Several latent and lytic viral proteins play an important role in inducing these
angiogenic and inflammatory phenotypes by altering host cell signaling, causing
subsequent activation of several transcription factors that increase the steady-state levels
of cytokine mRNAs (Purushothaman et al., 2016). My thesis results, in conjunction with

previous reports of KapB activity, lead me to propose a model by which KapB
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contributes to the establishment and maintenance of KSHV latent infection and KS-
associated inflammation and angiogenesis (see Figure 5.1 for model).

In latently and lytically infected cells, the synergistic activity of vIL-6, vGPCR
and VFLIP increase transcription of inflammatory mRNAs, many of which contain AREs.
vIL-6 is a lytic gene that directly binds GP130, activating the downstream JAK-STAT,
MAPK and AKT pathways resulting in increased activation of transcription factors
STAT 1/3 and STATS. Activation of these transcription factors increases VEGF and
angiopoietin-2 expression, promoting angiogenesis and vascular permeability (Osborne,
Moore, & Chang, 1999; Purushothaman et al., 2016; Suthaus, Adam, Grotzinger,
Scheller, & Rose-John, 2011). As vIL-6 is detected in few cells in the lesion, it is
assumed to signal in a paracrine manner (Suthaus et al., 2011). vGPCR is an early lytic
gene that also contributes to “KS development in a paracrine fashion” by activating NF-
kP, protein kinase C (PKC), activator protein-1 (AP1) and Nuclear factor of activated T-
cells (NFAT), thus causing an increase in VEGF, IL-1B, CXCL8 and TNF levels (Jham et
al., 2011; Montaner et al., 2003; Suthaus et al., 2011). vFLIP is a latent gene that
activates NF-kf} pathway by directly binding Ik kinase, therefore inducing increased
TNF, IL-6, IL-10, IL-6 and CXCLS8 expression Ballon, Akar, & Cesarman, 2015;
Chaudhary, Jasmin, Eby, & Hood, 1999; Field et al., 2003; Guasparri, Keller, &
Cesarman, 2004; Grossman, Podgrabinska, Skobe & Ganem, 2006). Some cytokines and
immunomodulatory molecules produced by lytic or latently infected KSHV cells are
released into the extracellular space stimulating autocrine and paracrine signaling in

latently infected and surrounding cells.
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The paracrine signaling induced by these molecules and the cell autonomous
function of viral proteins expressed during latency (e.g. vVFLIP) activate transcription
factors like NF-xf3, AP-1 and NFAT to stimulate transcription of inflammatory ARE-
mRNAs in the latent cells that comprise the bulk of the lesion (Figure 5.1A). I propose
that KapB inhibits the decay of these ARE-mRNAs, enhancing their expression. KapB
mediates this effect by inducing the disassembly of PBs using a mechanism that requires
the selective autophagy receptor, NDP52 (Figure 5.1B). In my model, activated NDP52
binds a PB component(s) in a ubiquitin-dependent manner while also binding LC3 on the

phagophore membrane via a LIR interaction. This molecular bridge targets the PB
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Figure 5.1: Model of KapB-mediated selective PB catabolism in KS lesions.

(A) In latently and lytically infected cells, the synergistic activity of several latent and lytic genes
such as vIL-6, vGPCR and vFLIP increase transcription of immunomodulatory mRNAs including
many transcripts which contain AREs. ARE-mRNAs are exported to the cytoplasm where KapB
inhibits mRNA decay (B) Mechanism of KapB ARE-mRNA decay inhibition. KapB activates
selective autophagy receptor NDP52 which binds PB component(s) in a ubiquitin-dependent
manner. NDP52 binds LC3 (via LIR interactions) thus targeting the PB component for autophagic
degradation. PB component degradation destabilizes the RNA granule causing PB disassembly
thus, permitting the stabilization and expression of ARE-mRNA containing transcripts like IL-6,
GM-CSF and TNF.
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component(s) to autophagic membranes for degradation. When key PB component(s) are
lost, this event destabilizes the integrity of the RNP granule, causing PB disassembly.
Consequently, ARE-containing inflammatory mRNAs like IL-6, TNF and GM-CSF are
not shuttled to PBs for decay; rather, they are stabilized. This is a novel model in which
KapB sustains and enhances the transcriptional responses induced by other viral proteins
through the selective disassembly of PBs, thereby contributing to the angiogenic and
proinflammatory phenotypes important for KS development (Figure 5.1).

5.6 Concluding Remarks

The intricacy of viral infections stems from the complex interactions that occur
between the virus and the immune system. KSHV is an excellent example of this
complex interplay, whereby viral dysregulation of host cellular pathways alters cellular
and immunological homeostasis resulting in tumourigenesis. In my thesis, I sought to
better understand the contribution of the latent viral protein Kaposin B to the
inflammatory and angiogenic phenotypes detected in the KS lesions. I did so by
characterizing the molecular mechanism by which KapB induces the disassembly of post-
transcriptional nodes of regulation, PBs. Using a novel assay to monitor the autophagic
degradation of PB proteins I determined that PB protein levels are regulated in part by
autophagy. I also determined that selective autophagy via NDP52 is a requisite
intermediate for PB disassembly and that PB disassembly correlates to increases in
certain AU-rich element mRNAs. These results lead me to propose a model of KSHV
latency, in which KapB enhances the transcriptional responses induced by other viral

proteins and promotes inflammation. While more work is required to fully understand the
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complex regulation of selective autophagy receptors and PB component cargo targeting,
my thesis provides the groundwork to better understand how viral hijacking of selective
autophagy regulation elicits pleiotropic effects.

This study highlights the importance of studying selective autophagy. As our
understanding of the wide variety of cargo that is subject to autophagic degradation
increases, we can appreciate that the dysregulation of selective autophagy perturbs
cellular homeostasis in a myriad of ways, contributing to disease development. While the
nonspecific downstream effects of modulating bulk autophagic flux have stunted its
clinical usefulness as a therapeutic intervention strategy, the specificity of selective
autophagy and its players, the selective autophagy receptors, may provide better
therapeutic targets for many diseases. In particular, this study has revealed that
therapeutic targeting of NDP52-induced PB catabolism may be a useful strategy to limit
pathological inflammation. In summary, my work has uncovered a novel link between
selective autophagy and PB dynamics that contributes to the regulation of inflammatory
responses thus providing insight into the control and potential treatment of various

inflammation-associated diseases.
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