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Abstract

Viruses have exploited strategies of proteolysis for the purposes of processing viral
proteins and manipulating cellular processes to direct synthesis of new virions and subvert host
antiviral responses. Many viruses encode proteases within their genome, of which many have
been well studied among the family of positive-sense single-stranded RNA picornaviruses. A
subset of host proteins have already been identified as targets of picornaviral proteinases;
however, the full repertoire of targets is not known. In this thesis, a novel proteomics-based
approach termed terminal amine isotopic labeling of substrates (TAILS) was used to conduct a
global analysis of protease-generated N-terminal peptides by mass spectrometry and identify
novel substrates of the 3C (3C"™) and 2A (2A"™) proteinases from poliovirus and coxsackievirus
type B3 (CVB3). TAILS was performed on HeLa cell extracts subjected to purified poliovirus
3CP™ or CVB3 2AP™, and on mouse HL-1 cardiomyocyte extracts subjected to purified CVB3
3CP™ . A list of high confidence candidate substrates for all three proteinases was generated, which
included a peptide corresponding to the known poliovirus 3C substrate polypyrimide tract
binding protein at a known cleavage site, thus validating this approach. Furthermore, three
identical peptides in both the poliovirus and CVB3 3CP™ list of high confidence substrates were
identified, suggesting that cleavage of these substrates may contribute to general strategy of
picornaviral infection. A total of seven high confidence substrates were validated as novel targets
of 3C™ in vitro and during virus infection. Moreover, mutations in the TAILS-identified cleavage
sites for these candidates blocked cleavage in vitro and during infection. Depletion of these
proteins by siRNAs modulated virus infection, suggesting that cleavage of these substrates either
promotes or inhibits virus infection. In summary, an in vitro TAILS assay can be utilized to

identify novel substrates of viral proteinases that are cleave during infection. Moreover, TAILS
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can identify common substrates of viral proteinases between different viral species, revealing
general strategies of infection utilized by related viruses. Finally, the identification of novel host
substrates provides new insights the viral-host interactions mediated by viral proteinases that are

required for successful infection.
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Preface

Chapter 3 and Chapter 4 are based on a modified portions of the original research article Jagdeo
J, Dufour A, Fung G, Luo H, Kleifeld O, Overall CM, Jan E. (2015) Heterogeneous nuclear
ribonucleoprotein M facilitates enterovirus infection. J Virol 89: 7064-7078. I completed, or
actively contributed to, all data analyses presented in this dissertation and in the original research
article listed above. The reuse and reprint of all published work is with permission from all
journals referenced. I also conducted additional projects and experiments with collaborating labs,
resulting in contributions to three other co-author peer-reviewed research articles. All studies were
approved by the University of British Columbia Research Ethics Board (Biosafety #B12-0119 and

Animal #A13-0237).
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Chapter 1: Introduction

1.1 Overview

Proteases play fundamental roles in cells by ultimately changing the fate and function of
their substrates through proteolytic cleavage. Beyond protein degradation, proteases have now
been established as key signalling molecules for many critical cellular functions, including cell
death, cell-cell communication, the immune response, cellular localization and the cell cycle (1).
Consequently, unregulated protease activity can play prominent roles in disease such as
inflammation, cancer, and cardiovascular disease. Thus, the study of proteases has not only
facilitated our understanding of fundamental cellular processes and has shed light into the
pathological progression of several diseases, but may also help identify novel therapeutic targets.

Viruses have exploited strategies of protein hydrolysis by encoding proteases within their
genome that are necessary for proteolytic processing of viral proteins and are thus essential for
virus infection. The roles and function of viral proteases have been well studied in the positive-
sense single-stranded RNA picornavirus family, which include many clinically and agriculturally
relevant viruses such as the human hepatitis A (HAV), poliovirus, coxsackieviruses, and
rhinoviruses (HRV), as well as foot and mouth disease (FMDV) and avian encephalomyelitis
viruses that infect hoofed-livestock and chickens, respectively. Picornaviral genomes contain a
single main open reading frame that is subsequently translated as a single polyprotein. The
polyprotein must then be processed into individual viral proteins in order for the viral life cycle
to proceed, which is the primary function of their virally-encoded proteinases. In addition, it is
now well-established that picornaviral proteinases strategically target host proteins to modulate
or inhibit cellular processes to facilitate viral replication and block host antiviral innate immune

responses (Table 1.1 and 1.2). As shown with picornavirus proteinases, cleavage of host proteins
1



can impact a variety of cellular functions and influence many aspects of the viral life cycle,
including viral translation and replication, to either promote or block the synthesis of new
virions. As such, picornaviral proteinases are viable targets for antiviral therapy; however, little
success has been achieved beyond clinical trials (2). An alternative approach may be to target the
host proteins and/or pathways impacted by viral proteinases that are essential for virus infection.
Thus, there is an unmet need to find new antiviral therapies for picornaviruses.

To date, there are approximately 45 host proteins that have been identified as substrates
of picornavirus proteinases but the complete repertoire of host proteins targets remains unknown.
Conventional approaches used to identify substrates of viral proteinases have included candidate
approaches, bioinformatics, and two-dimensional gel electrophoresis coupled with mass
spectrometry; however, these techniques have had their limitations (3-5). Terminal amine
isotopic labeling of substrates (TAILS) is a recently developed gel-free strategy specifically
designed for analysis of protease-generated peptides and has successfully identified novel
substrates for matrix metalloproteases and dipeptidyl peptidases (6-8). The focus of this thesis
was to establish TAILS as a method to identify novel substrates of viral proteases, using
picornavirus proteinases as a model, to ultimately shed light into the complete proteolytic
networks established by picornaviral proteinases during infection. Furthermore, uncovering the
complete proteolytic network of picornaviral proteinases will provide further insights into the
fundamental viral-host interactions that promote virus infection and the pathogenesis of

picornaviral diseases.



Table 1.1 Known substrates of 2AP™, 3CP™, and L"" picornavirus proteinases

. . Gene . . Cleavage
Function Protein Name Symbol Virus Proteinase Site
eukaryotic translation initiation factor 4G | elF4G | 2A 478 STR|GPPR#*>
PV, HRV, L SIANLG|RTTLE”
. I, CVB3, FMDV 89PGGR|GVPL®*®
IFAG Il ' 2A
eukaryotic translation initiation factor 4G II € L #2ADFG|RQTP*
“4TQTM|GPRP*!
Translation i . 2A $2VHVQ|GQEP®®®
polyadenylate-binding protein PABP PV ac #53AIPQITQNR®
82\ TAQ|GARP®
eukaryotic translation initiation factor 5B elF5B PV, HRV, CVB3 3C 75 MEQ|GVPE*®2
death-associated protein 5 DAP5 CVB3 2A “OMKSQ|GLSQ*®
, OLTTFIGSST”
nuclear pore complex protein 98 Nup98 PV, HRV 2A 5"5LQ'I'I'I|G ARPSSS
Nuclear-
Cytoplasmic nuclear pore complex protein 153 Nup153 PV, HRV 2A ?
Transport SLSNTIAATP!™
. 214 TST|GPSL2!
nuclear pore complex protein 62 Nup62 PV, HRV 2A
P plexp P 23\ TTA|GAPT2?
294 KPL|APAG*!
PV, EMCV, HRV,
polypyrimidine tract-binding protein 1/2/4 PTB1/2/4 CVB3,HAV, FMDV, 3C “*ARAQ|AALQJAVNS'
Aichivirus TMAIPQIAAGL?™®
poly(rC)-binding protein 2 PCBP2 PV, CVB3, HRV 3C 20ARQQ|SHFP*
RNA
Metabolism heterogeneous nuclear ribonucleoprotein M hnRNP M PV, CVB3 3C 36]AKQ|GGGG*®
AUF-rich element RNA-binding protein AUF1 CVB3, PV, HRV 3C ZAATQ|GAAA®
La lupus autoantigen La PV, CVS:\'/EMCV' 3C 3VQFQ|GKKT?e2
Gemin 3 Gemin3 PV 2A 45OVHTY|GLSQ*®
Gemin 5 Gemin5 FMDV L 843RKAR|SLLP&®
o ] 2A EASPQ|GAMT2
TATA-binding protein TBP PV 3C 101AVQQ|STSQ!®
cAMP-responsive element binding protein CREB PV 3C 1SAITQ|GGAI®
Transcription octamer-binding transcription factor Oct1 PV 3C ?
transcription factor IlIC TFIIC PV 3C 2PVPQ|GEAE™*
. . . 22|QLQ|GPVR>®
TATA-binding protein-associated factor 110 TAF110 PV 3C 2ACAQ|GVPS®®
microtubule-associated protein 4 MAP4 PV, HRV 3C ?
Cytoskelaton dystrophin Dys CVB3, CVB4 2A 2 TTI[GASP*®
cytokeratin 8 Cyt8 CVB4, HRV2 2A 12ySTS|GPRA™
Ras GTPase-activating protein 1 RasGAP CVB3 3C ?
Apoptosis 2ETLG|IQED'™®
Grb2-associated binder 1 GAB1 CvB3 3C 433 TVG|SVSSH0




Table 1.2 Host antiviral substrates of 2AP™, 3C"™ and LP™ picornavirus proteinase

G
Function Protein Name Syr(:::)l Virus Proteinase Clesai\tlzge
PV, CVB3, HRV,
retinoic acid induced gene | RIG- EMCV. ECHO. EV71 3C ?
Pathogen . g . ’
Recognition melanoma differentiation associated protein 5 MDA-5 CVB3, EV71, PV 2A ?
Receptors
NLR family pyrin domain containing 3 NLRP3 EV71 3C, 2A ?
TDWSQ|GCSP#
S0AFPQ|SLPFe7
TIR domain-containing adaptor inducing beta interferon ~ TRIF | CVB3, EV71,EV68  3C :::;gg;gggiﬁ
5%RGSQ|APED™®
mitochondrial antiviral signaling protein MAVS CVB3’HPF1’\'/EV71v 3C 4SQETQ|APES™?
NFkB essential modulator NEMO HAvV, FMDV 3C 380l PSQ|RRSP%*"
DNA-dependent protein kinase DNA-PK PV, CVB3 3C ?
transcription factor p65 p65/RelA PV, I-'|:I:AVD\I/E cho, 3C,L ?
164 171
interferon regulatory factor 7 IRF7 EV68, EVT71 3C mﬁsagllngzm
|r|::1?1t:e inhibitor of kBa IkBa cvB3 3c #5VTYQIGYSP22
Féle:rﬁ’;:‘:: TRAF family member-associated NF-kappa-B activator,  TANK EMCV, FMDV 3C 28FEIQ|GIDP*
GQLQ|GGQS™
SBTAKQQISCES®*
TAK1/TAB1/TAB2/TAB3 complex TAK1/TAB1-3 EV71 3C “"MPSQ|GQMV*'s
“STHTQ|SSSS**
TSAMQ|GPSP!
30YQKQ|GSHS*
interferon alpha and beta receptor subunit 1 IFNAR EV71 ? ?
complement C3 C3 PV, HRV 3C ?
Stress Granules ras-GAP Sh3 domain-binding protein G3BP1 PV, CVB3 3C $2AGEQ|GDIE?®




1.2 Picornaviruses
1.2.1  Classification and genomic organization

The family Picornaviridae belongs to the order Picornavirales and is comprised of small
positive, single-stranded RNA viruses that infect vertebrates. There are currently 54 species
grouped into 31 genera.

Picornaviruses possess a compact RNA genome of approximately ~7.5 kb in length that
contains a single open reading frame with a highly structured 5’ untranslated region (UTR) and a
3’ poly(A) tail (9-12). In place of a 5’ cap, picornaviruses harbour a virus-encoded protein
genome-linked (VPg) protein that functions in viral RNA replication. Translation of the open
reading frame is directed by an internal ribosome entry site (IRES) located in the 5° UTR to
generate a polyprotein that is subsequently processed into four structural proteins and seven or
eight (depending on the genus) non-structural proteins by the virally-encoded proteinases (Figure
1.1). The structural proteins termed VP4, VP2, VP3 and VP1 adopt an icosahedral structure to
form the viral capsid that is approximately 30 nm in diameter. Non-structural proteins include
VPg (3B), a putative helicase (2C), proteinases (3C"°, and 2A™ or L™ for some genres), and an

RNA-dependent RNA polymerase (3DP) (13-18).

1.2.2  Picornaviral life cycle

The majority of picornaviruses gain entry into the host cell via endocytosis, with many
requiring specific cell surface receptors to facilitate binding (Figure 1.2). For example, all
poliovirus serotypes require the CD155 glycoprotein receptor for entry, whereas many human
rhinovirus serotypes utilize intracellular adhesion molecule-1 (ICAM-1) (19, 20). While all

coxsackieviruses recognize the coxsackievirus and adenovirus receptor (CAR) for entry, some



serotypes require a second receptor, decay-accelerator factor (DAF), to gain entry within tight
junctions of polarized epithelial cells (21-23). Receptor-binding initiates capsid rearrangement to
convert the infectious particle into the altered (A or 135S) form for release of the viral RNA into
the cytoplasm (24-26). Upon release, the positive-sense RNA genome serves as a template for
translation through the recruitment of ribosomes, minimal translation initiation factors, and IRES
trans-acting factors (ITAFs) to the IRES (27, 28). The nascent polypeptide undergoes
simultaneous processing by the virally-encoded proteinases (described in more detail below) to
ultimately generate intermediate and mature forms of the viral proteins.

As infection progresses, cellular membranes undergo a dramatic rearrangement to alter or
disrupt nuclear transport, releasing additional host proteins that support translation, and Golgi-
body and endoplasmic reticulum membranes, for assembly of replication complexes that serve as
anchoring point for viral RNA replication (29, 30). Viral proteins 2B and 2C have been shown to
facilitate the formation of replication complexes through the disruption of Golgi-associated
protein complexes (18, 31). RNA replication begins with negative-sense strand synthesis,
whereby the positive-sense RNA genome becomes bound to the replication complexes via the
viral proteins 3AB and serves as a template for replication. VPg undergoes 3CD and 3D-
mediated uridylylation at a cis-acting CRE element, an RNA stem loop structure located
internally within the genome, creating a VPg-linked polyU tail that is then transferred to the 3’
end of the genome and serves as a primer for the RNA-dependent RNA polymerase (32, 33).
Newly synthesized negative-sense strand RNA then serves as a template for more synthesis of
positive-sense strand RNA, which is then packaged into pre-assembled capsid particles. Virus

release occurs primarily by cell lysis; however, more recent studies have uncovered mechanism



of non-lytic spreading via exosomes or through hijacking of autophagy pathways that release a
portion of new virions (34, 35).

Given the limited number of proteins expressed from their genomes, picornaviruses must
rely on modulating a series of cellular processes to facilitate successful virus infection.
Disruption of cellular pathways, modulation of cellular processes, hijacking or inhibition of host
protein functions, and cell death are examples of cellular phenotypes observed as a consequence
of successful picornavirus infection, which are ultimately orchestrated by a limited number of
viral proteins, including the picornaviral proteinases. Examples of how picornavirus proteinase
function supports virus infection are described in more detail below.

Many picornavirus infections are associated with disease in both humans and animals,
and can contribute to their pathogenesis. Poliovirus through the fecal-oral route and primarily
targets epithelial cells within the small intestines; however, infection can progress to the central
nervous system (36). Upon gaining access to the central nervous system, poliovirus targets and
subsequently destroys motor neuron, causing temporary or permanent paralysis, or poliomyelitis.
While the development of a vaccine in the 1950s has significantly reduced the prevalence of
infection, poliovirus still persists within certain areas of the world due to poor vaccination
coverage. Similarly, FMDYV infection remains prevalent among cloven-hoofed livestock in spite
of the development of vaccines that protect against few serotypes, bearing significant economic
loss to livestock (37). Coxsackievirus, classified within the enterovirus genus with poliovirus, is
the most common cause of acute myocarditis in humans, causing inflammation and necrosis of
cardiomyocytes (38). This can lead to the development of dilated cardiomyopathy, which
accounts for ~20% of heart failure and sudden death in children and youth. There are currently

no vaccines available for preventing coxsackievirus infections, or therapeutics for treatment of



dilated cardiomyopathy. Thus, there is still an unmet need for therapeutics for the treatment of

picornavirus infections.

1.3 Picornavirus proteinases

Synthesis of a single polyprotein from picornaviral genomic RNA and the post-
translational modifications utilized to derive the individual mature viral proteins were first
described in the late 1960s (39, 40). The absolute requirement for extracts from infected lysates
resulting in in vitro cleavage of the viral polyprotein led to the identification of the viral protein
gamma, later defined as the 3C proteinase (3C™°) (13). 3C"™ is a conserved proteinase amongst
all known picornaviruses, and the primary proteinase responsible for most of the viral

P was later revealed among the

polyprotein processing events. A second proteinase, 2A
enterovirus and rhinovirus genera of picornaviruses following the identification of a cleavage site
within the polyprotein that was not targeted by 3C" (41). A third proteinase, L", unique among
the aphthovirus and erbovirus genera of picornaviruses has also been identified that bears no
resemblance to either 2AP™ or 3C (14). Within these viruses, the 2A protein does not possess

proteolytic activity but instead uses a ‘stop-go’ translation mechanism that results in distinct

proteins.
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Figure 1.1 Proteolytic processing of picornavirus polyproteins. All picornaviruses translate their RNA genomes
as a single polyprotein, which is subsequently processed into mature viral proteins by virally-encoded proteinases.
3CP™ mediates the majority of cleavages across all picornaviruses. Enteroviruses and rhinoviruses encode 2A”™ that
targets a single cleavage site in cis directly upstream at its N-terminus. An alternative cleavage site carried out by
2AP™ between 3C™™ and 3D has been identified in vitro; however, the biological significance of this cleavage site
is unknown. Aphthoviruses and erboviruses also posses a second proteinase, L™, encoded by an additional gene
located at the 5° end of its open reading frame. LP cleaves at a single site directly downstream of its C-terminus,

releasing itself from the polyprotein. Within these viruses, the 2A protein does not contain proteolytic activity but

instead uses a ‘stop-go’ translation mechanism that results in distinct proteins
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translation occurs in the cytoplasm, producing a polyprotein that is processed into mature viral proteins. Replication
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positive-sense strand synthesis. New genomic RNA is packaged into preassembled procapsids, which are then

released primarily by cell lysis. Adapted from Hogle (2002) (42).
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1.3.1 Structure and biochemical properties

Sequence comparison and structural analysis of all three picornaviral proteinases have
provided insights into their mechanism of action. Both 3C" and 2AP™ are most structurally
similar to chymotrypsin proteases, comprising of two anti-parallel B-barrels linked together via a
flexible loop (Figure 1.3) (43-48). Mutational analysis identified its catalytic core as a triad
comprised of His-Cys-Glu/Asp located within the two B-barrels, with a cysteine nucleophile
rather than a typical serine nucleophile utilized in chymotrypsin (49-57). Amino acids outside of
the catalytic core of each proteinase have been reported to facilitate proteolytic activity in cis or
trans (51, 55-57). During infection, 3C" is capable of performing its proteolytic function as
itself or in its precursor form as 3CD", a fusion protein comprised of the 3C™° and the 3D
RNA-dependent RNA polymerase (3DP), which possesses proteinase activity but its polymerase
is inactive (58). While mutational analyses and kinetic experiments have indicated that 3C*™ in
its precursor form as 3CD" is the more efficient proteinase, the 3CDP™ crystal structure has
provided little insight into the underlying mechanism as the proteinase retains a similar
conformation (59-61). Although 3CD"™ is the predominant proteinase for viral polyprotein
processing, it is likely that both 3C*™ and 3CD"™ contribute to the viral life cycle (59). In
contrast to 3C"™ and 2A"™, the structure of L”™ is most comparable to that of the cysteine
protease papain, and carries a cysteine nucleophile (62-65). The FMDV L contains an a-helical
domain juxtaposed to a B-sheet, with a Cys-His catalytic diad arranged in between the two

domains (66, 67).
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1.3.2  Substrate specificity

Activity and substrate specificity of the picornaviral proteinases were initially studied by
elucidating the proteolytic processing events of the viral polyprotein to generate the individual
mature viral proteins. All three proteinases participate in at least one cleavage event that occurs
in cis immediately following translation of the polyprotein (14, 41, 68, 69). Primary cleavage
events for all picornavirus include 3C"™ cleavage between the 2C and 3A junction, while 2A™
targets its only cleavage site within the enterovirus and rhinovirus polyproteins at its N-terminus
to generate the P1, P2 and P2 precursors. An alternative cleavage site carried out by 2A™
between 3C™™ and 3D has been identified in vitro, generating the alternative cleavage products
designated 3C’ and 3D’, however the biological significance of this alternate cleavage site is still
unknown (41). L of aphthoviruses also possesses a single cleavage site within their polyprotein
located directly downstream of its C-terminus, releasing itself from the P1 precursor. The
remaining secondary and tertiary cleavage events to generate the 11 or 12 individual mature viral
proteins occur in trans by 3CDP™. Since 3CD™ is more efficient in processing the polyprotein
than 3CP", this may ensure rapid cleavage of its own proteins early in infection (59). Adoption of
secondary and tertiary structures within the polyprotein is also required for efficient cleavage,
providing additional means of regulating polyprotein cleavage (70).

Proteases identified among picornaviruses are termed endo-proteolytic peptidases, or
proteinases, as they recognize and cleave at defined sites located internally within their
substrates. Cleavage site analysis within the picornavirus polyprotein revealed a high level of
substrate specificity as 3C™° cleaves exclusively between Q and G at the P1 and P1’ positions,
respectively, at each of its 11 cleavage sites. The nomenclature of the residues surrounding the

cleavage site is represented as P4-P3-P2-P1|P1°-P2°-P3’-P4’, where the “|” denotes the scissile
12



Figure 1.3 Structure of Picornavirus 3C"™ and 2AP"™ Proteinases. Structures showing the two B-barrel domains
and overall fold of the poliovirus 3C"° (A) and CVB4 2AP™ (B) proteinases. The catalytic residues of poliovirus
(His 40, Glu 71, and Cys 147) and CVB4 2AP° (His 21, Asp 38, and Cys 110) are located in between the two B-
barrel domains are indicated as balls and sticks. Structures are adapted from Mosimann, SC et al. (1997) and Baxter,

NJ et al. (2006).
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cleavage site. Extensive analysis of peptide substrates that have permutated amino acids within
the cleavage sites has demonstrated that 3C™° can accommodate other small amino acids, such as
alanine or serine, at the P1’ position (71, 72). This is attributed to its shallow binding pocket
within the catalytic core, which can accommodate a more limited number of amino acids (47,
73). Additional amino acids outside the P1-P1’ positions also contribute to substrate specificity,
including alanine at the P4 position and proline at the P2’ position, generated a preferred
cleavage consensus motif of A-X-X-Q|G/A/S-P-X-X (5). In contrast, the active site of 2A" can
accommodate a broader range of amino acids in the P1 position and thus has a more flexible
cleavage consensus motif of I/L-X-T/S-Z|G-P-X-X, where z is a hydrophobic residue (5). Within
the polyprotein, the P1 position is occupied by a tyrosine, however mutational analysis of peptide
substrates has demonstrated equal proteolysis efficiency when substituted with alanine, threonine
or valine.

Cleavage activity of L”™ has been the least well-characterized among the three
proteinases. L is responsible for a single cleavage event within the polyprotein and only a
limited number of host substrates have thus far been identified. Initial investigations into its
proteolytic activity suggest that the L"® displays an unusually high degree of substrate specificity
that extends through positions P7 to P5’ (74, 75). Moreover, mutational analysis of the
polyprotein cleavage site shows a preference for a basic residue at either the P1 or P1’ position
provided that the other amino acid next to the scissile bond is a G or S, as well as a requirement
for L, A, or V at the P2 position (76).

In summary, much information on the specificity of picornaviral proteinase substrates has
been gleaned from in vitro analysis of peptide sequences derived from known cleavage sites

within the polyprotein. Whether the in vitro-derived consensus cleavage site is conserved in vivo,
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and whether it is retained among host proteins targeted for cleavage, remains to be fully
elucidated. Analysis of identified cleavage sites of known host proteins targeted by 2A" or 3C*™
suggests that a similar consensus cleavage site is preferred (Figure 1.4). Similar to the
polyprotein consensus sequence, 3C™° demonstrates strong preference for glutamine at the P1
position, as well as a high frequency of alanine and glycine at the P4 and P1’, respectively.
Likewise, glycine residues are highly preferred at the P1’ position among 2AP™ host substrates,
as well as a high frequency of threonine residues position at the P3, P2, and P1 positions.
Identification of additional host targets and characterization of their cleavage sites would provide
further insights into the true breadth of their substrate specificities, which my thesis aims to

address.

1.4 Host substrates of picornaviral proteinases

Productive infection of picornaviruses depends on the permissive state of its host cell.
Throughout its entire life cycle, the virus must rely on a series of cellular rearrangements to
facilitate its translation and replication. The picornaviral proteinases play integral roles in
infection by targeting host proteins to either directly or indirectly facilitate different steps of the
viral life cycle. Much has been learned from identifying the host substrates that are cleaved by
viral proteinases, including the cellular pathways and processes that are affected, and the
adoption of secondary roles of cleavage products. Described below are examples of known host

substrates and how their cleavage activity contributes to their role in virus infection.
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Figure 1.4 Comparison of consensus cleavage sequences derived from viral polyprotein processing sites and
cleavage sites of known host substrates of 3C"" and 2A"". IceLogos were derived from the P4-P4’ amino acids
sequences all known cleavage sites of host targets of 3C™ (A) and 2A™ (B), and the consensus sequence derived
from known polyprotein cleavage sites is depicted below, where X denotes any amino acid. Amino acids are scored

as percent differences that compares the frequency of an amino acid at a certain location between experimental and

reference sets.
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1.4.1 Host translation shutoff

A prominent characteristic of picornaviral infection is the rapid and near complete shutoff
of host protein synthesis, concomitant with preferential viral translation and replication (77-80).
Shutoff of host translation promotes viral translation by effectively inhibiting host antiviral
responses and freeing the cellular pool of ribosomes for viral translation (81, 82). The viral
proteinases contribute significantly to these effects; over-expression of either 2A”™ or 3C** in
cells is sufficient to inhibit global cap-dependent translation (83-86). One of the best-
characterized host substrates that participate in these events is the eukaryotic initiation factor 4G
(elF4G), which is a direct substrate of 2A” and is cleaved during poliovirus, CVB3, and HRV2
infection. elF4G is a key factor in cap-dependent translation by acting as a scaffold for recruiting
the core elFs, including the cap-binding protein elF4E, elF3, eIF4A and the poly(A) binding
protein (PABP), to the 5° cap of the mRNA (87-90). Cleavage by 2AP™ bisects elF4G resulting
in separation of the cap-binding protein and the ribosome recruitment domains, thus inhibiting
ribosome recruitment and de novo protein synthesis. Mutant eIF4G that is cleavage-resistant is
more resilient to 2A"’-mediated inhibition of cap-dependent translation, strongly suggesting that
cleavage of eIF4G by 2AP™ plays a significant role in host protein translation shutoff in virus-
infected cells (91). Although cleavages of both isoforms of eIF4G, I and II, are detected in
infected cells, eIF4GII cleavage by 2AP™ coincides more closely with host translation shutoff
(92, 93). In support of e[F4GII as the key substrate, treatment of virus-infected cells with
inhibitors of virus replication decreases cleavage of eI[F4GII but not e[F4GI. A recent report
demonstrated that death-associated protein 5 (DAPS), a structural homolog of elF4GI, is also

cleaved by 2AP™ and contributes to both viral IRES translation and replication (94). Finally,
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elF4Gl is also a direct substrate of L"® during FMDYV infection, indicating that targeting this step
of cap-dependent translation by viral proteinases is a general strategy of picornaviruses (95, 96).
3CP, which does not target eIF4GI or II, also contributes to host translation shutoff
during picornavirus infection. Key translation factors, PABP and elF5B, are direct substrates of
3C", and are cleaved during poliovirus and CVB3 infection (85, 97-99). 3C"™ preferentially
targets PABP associated with actively translating mRNAs, thus disrupting PABP-elF4G
interactions and the PABP oligomerization on poly(A) tails that promotes the circularization of
mRNA for translation (97). Thus, cleavage of PABP allows the virus to target translating
mRNAs in addition to inhibiting de novo translation through cleavage of eIF4G. Although
elF5B, which plays a role in 80S assembly, is cleaved by several enterovirus 3C*°, the
significance of this cleavage in infected cells remains to be investigated. The targeting of
translation factors also contributes to other aspects of the picornavirus life cycle. In EMCV-
infected cells, PABP cleavage by 3C™ does not affect viral protein synthesis, but instead
contributes to viral replication (100). In summary, picornaviral proteinases mediate multiple
cleavage events of translation factors to ensure sufficient host translation shutoff during

infection.

1.4.2 Nuclear-cytoplasmic transport

Another common feature among many picornaviral infections is the remodeling of the
nuclear pore complex (NPC), and consequent nuclear-cytoplasmic redistribution of proteins
during infection (29, 101, 102). Inhibition of nuclear-cytoplasmic transport during virus infection
not only prevents nuclear proteins from carrying out their endogenous functions within the

nucleus, effectively impacting a number of cellular processes such as transcription and mRNA
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metabolism, but also inactivates key antiviral response pathways such as NF«B signalling and
Toll-like receptor signalling (103-106). Furthermore, although occurring exclusively within the
cytoplasm, picornavirus replication and translation are promoted by a subset of nuclear factors
that are redistributed to the cytoplasm during infection, allowing the virus to gain access to these
key nuclear proteins (29, 107-113). These effects are primarily a consequence of alterations to
the nuclear pore complex, a macromolecular structure embedded within the nuclear membrane
and comprised of multiple copies of 30 distinct proteins called nucleoporins (Nups). Normally,
proteins containing nuclear localization signals (NLS) are imported from the cytoplasm to the
nucleus by interacting with importins that carry the proteins through the NPC using a Ran GDP-
GTP cycle. Smaller molecules are also capable of transporting passively through minor channels
of the NPC. Several NPC proteins are targeted by enterovirus proteinases. Nup98, Nup153 and
Nup62 are cleaved by 2A" during poliovirus and rhinovirus infections, resulting in the block of
nuclear import and subsequent accumulation of several nuclear proteins in the cytoplasm (114-
117). Moreover, cleavage of Nups coincides with a block in export of mRNAs, rRNAs and U
snRNAs from the nucleus to the cytoplasm (118). Interestingly, cleavage of these Nups occurs
sequentially as cleavage of Nup98 take place early in poliovirus infection (1 hour post infection
(h.p.i.)) whereas Nup153 and Nup62 are cleaved late (3-4 h.p.i.) (117). Late cleavage of Nup153
and Nup62 corresponds with the sequestration of nuclear-bound proteins, such as factors for
transcription and mRNA splicing, and is dependent on viral replication. Conversely, cleavage of
Nup98 is unaffected in the presence of viral replication inhibitors (117). Treatment of HeLa cells
with interferon y (IFNy) rescues expression of Nup98 in cells expressing 2AP, and more
recently Nup98 has been shown to be involved in promoting transcription of antiviral genes

(119). Thus, cleavage of Nup98 may occur earlier in poliovirus infection to contribute to
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blocking host antiviral responses while cleavage of Nup153 and Nup62 primarily serves to
relocalize host proteins that facilitate viral replication and/or translation, in addition to
contributing to host transcription and translation inhibition. Taken together, modulating nuclear
import via cleavage of nuclear pore proteins by proteinases impacts several cellular processes
that facilitate viral synthesis and blocking host antiviral responses. Interestingly, the L protein of
cardioviruses modifies the phosphorylation status of Nups and blocks function of RNA, thus

cleavage of Nups is not common among all Picornaviruses (120-122).

1.4.3 RNA metabolism

A general theme from inhibiting nuclear-cytoplasmic import during infection is that
several nuclear-resident RNA binding proteins are relocalized to the cytoplasm and are thus
unable to carry out their normal functions in mRNA processing. It is now clear that these RNA-
binding proteins have alternate functions that indirectly or directly impact viral translation and
replication. Several members of the heterogeneous nuclear ribonucleoprotein (hnRNP) family of
RNA binding proteins that normally shuttle between the nucleus and the cytoplasm, and whose
primary functions involve many aspects of RNA metabolism, redistribute from the nucleus to the
cytoplasm during picornavirus infections. The poly(rC) binding protein 2 (PCBP2, also known as
hnRNP E2) was among the first identified, mislocalized hnRNP protein through its association
with the poliovirus 5’UTR, and later established as a substrate for poliovirus, CVB3 and HRV16
3CP (110, 123-125). Early in infection, full-length PCBP2 relocalizes from the nucleus to the
cytoplasm, where it binds to distinct regions within stem loop IV of the 5’UTR of the viral RNA
via its N-terminal RNA-binding domain to assist translation. As infection progresses, 3C™°

targets PCBP2 on translating viral RNAs to remove its N-terminal binding domain from stem
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loop IV and inhibit its translation stimulatory effects, serving as a means to facilitate the switch
from translation of viral RNA to its replication for viral packaging. Interestingly, upon removal
of the N-terminus, the N-terminal cleavage product gains a secondary function whereby it binds
to stem loop I of the 5’UTR to promote negative-sense strand synthesis (125, 126). Thus, the
virus has adapted proteolytic strategies to usurp PCBP2 function for roles in both translation and
replication on the same viral RNA by facilitating a switch from viral translation to replication.

Another hnRNP targeted by 3CP"™ is the polypyrimidine tract binding protein (PTB, also
called hnRNP I), which has been implicated in IRES translation for several picornaviruses (15,
127, 128). Like PCBP2, full-length PTB becomes relocalized during infection and binds to the
5’UTR to promote IRES translation, and is reported to promote ribosome pre-initiation complex
formation and enhance viral RNA stability (129-131). Cleavage of PTB by 3C™ results in PTB
fragments that are no longer able to stimulate IRES translation (107). Thus, like the dual role of
PCBP2, loss of PTB function upon cleavage contributes to the switch from viral translation to
replication.

Not all hnRNPs characterized during picornavirus infection have facilitative roles. AUF-
rich element RNA-binding protein (AUF1 or hnRNP D) binds to AU-rich elements (ARE)
located in the 3’UTR of mRNAs targeted for decay but is also capable of interacting directly
with the poliovirus IRES to inhibit viral translation (108, 132, 133). ARE-containing mRNAs
include oncogenes and cytokines that play a critical role in the stability of mRNA during the
inflammatory response (134, 135). During poliovirus, CVB3, and HRYV infections, AUF1
redistributes from the nucleus to the cytoplasm and binds directly to stem loop IV of the 5’UTR
to inhibit viral translation. Viruses have adapted to circumvent these antiviral effects by targeting

AUF]1 for cleavage by 3C™, reducing its affinity for the 5’UTR. Interestingly, AUF1 has no
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effect on EMCYV infection, thus AUF1 does not serve a broad-spectrum defense mechanism
against all picornaviruses (109).

Other RNA binding proteins that do not belong to the hnRNP family also have roles
during infection. The La Lupus autoantigen (La) is a nuclear localized protein that protects RNA
pol III transcripts from degradation by binding to it’s 3' end. Like other nuclear RNA-binding
proteins, La relocalizes from the nucleus to the cytoplasm early in infection and is cleaved (136).
However, unlike other RNA-binding proteins that are cleaved in the cytoplasm upon
relocalization, La is cleaved by 3CD™ in the nucleus, resulting in separation of its nuclear-
localization signal domain, thereby allowing La relocalization into the cytoplasm. 3CD" has
been observed in the nucleus early during poliovirus and EMCYV infection, which likely
contributes to cleavage of nuclear proteins prior to complete Nup cleavage (137). La facilitate
poliovirus and coxsackievirus infection as depletion of La decreases viral infectivity and IRES
translation (138). La acts as a dimer in complex with other nuclear RNA binding proteins such as
PTB to bind to viral 5'UTRs, possibly to promote formation of 40S and 80S ribosome complexes
(139, 140). Over-expression of the La C-terminal cleavage fragment inhibits poliovirus IRES
translation, suggesting a possible dominant negative function upon cleavage to further support
the switch from translation to replication.

As noted earlier, cytoplasmic relocalization of RNA-binding proteins prevents many from
carrying out their normal functions in mRNA processing within the nucleus. Over-expression of
2AP™ promotes aberrant exon splicing events; however, it remains unclear which targeted host
substrates directly impact this process (141). Gemin3, a core component of the survival or motor
neuron (SMN) complex that functions in assembly of U small nuclear ribonucleoprotein

(snRNP) spliceosome complexes, is targeted by 2A” during poliovirus infection (142).

22



Cleavage of Gemin3 may contribute to the observed decrease in snRNP complex biogenesis
during poliovirus infection, and in turn may deregulate splicing by blocking spliceosome
complex assembly. Defects in assembly of U snRNP spliceosome complexes are characteristic of
neurodegenerative disorders and may also provide a clue into the degeneration of motor neurons
observed during poliomelytis. Gemin5, another core component of the SMN complex, is cleaved
during FMDV infection by L" (63, 143). Cleavage of Gemin5 may not only contribute to
inhibition of mRNA processing during infection as it has been reported that Gemin5 binds to and
modulates FMDV IRES translation. PTB, which normally has a role in alternative splicing
events, is relocalized to the cytoplasm during picornavirus infections and upon expression of

2AP® which effectively may further facilitate deregulation of splicing.

1.4.4 Host transcription shutoff

Several picornaviruses inhibit cellular transcription that indirectly contributes to host
translation shutoff and inhibition of innate immune responses (144). Transcription mediated
through all three RNA polymerase (RNA Pol I/II/IIT) complexes is inhibited during infection;
however, the RNA polymerases isolated from infected extracts are still functional, indicating that
transcription factors specifically are targeted during infection. Several key proteins within core
transcription complexes are cleaved by 3CD”™, which has been shown to enter the nucleus via a
nuclear localization signal in 3D (137, 145, 146). TATA-binding protein (TBP), which is a
part of the transcription factor Il D (TFIID) complex, is cleaved by 3CD"™, leading to inhibition
of basal transcription (147-150). Expression of a cleavage-resistant TBP in infected cells results

in a small-plaque phenotype, indicative of a less efficient viral life cycle (151).
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Not all transcription factor complexes require TBP, or an intact TATA box sequence, for
RNA Pol II transcription, including transcription factor complexes that target interferon-
stimulated genes (ISG) (152). Not surprisingly, additional factors involved in RNA Pol II
transcription are targeted by picornavirus proteinases, including the cAMP-responsive element-
binding protein (CREB), which is stimulated by cyclic AMP, and Oct-1, a member of the POU
domain transcription factor family (153, 154). 3C™ cleaves both transcription factors to
inactivate transcription of downstream genes. For example, CREB is a transcriptional regulator
of several immune-related genes, thus cleavage of CREB to inactivate its transcriptional activity
may directly contribute to blocking antiviral responses (155). Cleavage of Oct-1 blocks the
transcription of several small nuclear RNA, histone and immunoglobulin genes as well as stress
response pathways that may impact virus infection (156, 157). Thus, cleavage of transcription
factors by viruses may be a strategy for inhibiting specific cellular pathways.

Picornaviral proteinases also target RNA Pol I and III transcription complexes directly.
TFIIIC is a multi-subunit transcription factor that initiates transcription of tRNA genes by
recruiting additional transcription factors and RNA Pol III. During infection, poliovirus 3C™*
cleaves the a and B subunits of TFIIIC, resulting in disassembly of the RNA Pol III transcription
complex (158). Similarly, inhibition of RNA Pol I-mediate transcription is partially attributed to
cleavage of TBP-associated factor 110 (TAF110), a component of the selective factor 1 (SL-1)
complex required for RNA Pol I-mediated transcription.

In summary, picornaviruses have adapted several mechanisms utilizing proteolytic
cleavage to mediate global and specific inhibition of transcription, thereby ensuring that cellular
signalling and antiviral pathways are disarmed and to indirectly affect RNA metabolism that

contributes to host translation shutoff.
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1.4.5 Cytoskeletal proteins

Cytoskeletal proteins play an integral role in picornavirus infection by interacting with
viral replication complexes to facilitate viral release. Many picornavirus infections exhibit
cytopathic effects, including cell rounding and increased permeability of the plasma membrane,

pro

all of which are attributed to alterations of cytoskeletal proteins. 3C”"” contributes to the
modulation of cytoskeletal proteins by cleaving microtubule associated protein 4 (MAP4), a
microtubule binding protein that promotes microtubule assembly (159, 160). MAP4 is cleaved
late in poliovirus and HRV 14 infected cells, contributing to the collapse of the tubulin network
and an increase in cell lysis to enhance viral release. Collapse of microtubules is also observed in
FMDV-infected cells, along with Golgi fragmentation, and is dependent on its 3C™™ activity;
however, the mechanism underlying this remains to be investigated (161, 162).

Transgenic mice with inducible, cardiac-specific expression of CVB3 2AP® develop
severe dilated cardiomyopathy (DCM), a disease phenotype of CVB3-infected cardiomyocytes.
Although the pathological mechanisms leading to disease are poorly understood, one
contributing factor is 2A"°-mediated proteolytic cleavage of dystrophin (163-165). Dystrophin
connects the cytoskeletal actin to the B-dystroglycan extracellular matrix; thus, its cleavage leads
to the disruption of the cytoskeletal architecture and myocyte membrane integrity (163).
Cleavage of dystrophin facilitates viral replication due to more efficient viral release. Generation
of a knock-in cleavage resistant dystrophin showed decreased symptoms of cardiomyopathy and
reduced viral titre, suggesting that cleavage of dystrophin is significant for clinical progression of

the disease (166). However, a direct causal relationship has not been established and dystrophin™

mice have a mild DCM phenotype attributed to the compensatory upregulation of the dystrophin
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homologue, utrophin (167, 168). Since utrophin is not cleaved during CVB3 infection,
dystrophin-cleavage alone is insufficient to explain the severe DCM phenotype observed in
2AP®-expressing transgenic mice. Cytokeratin 8, an intermediate filament protein, has also been
identified as a substrate for CVB4 and HRV2 2AP™ (4). Cleavage occurs near its N-terminus that
is required for the polymerization of cytokeratin filaments; thus, like dystrophin, cleavage of
cytokeratin 8 may contribute to disruptions in the cytoskeletal architecture. More recently,
dysferlin, a plasma membrane protein involved in skeletal and cardiac muscle repair, has been
identified as a 2A"- and 3C"°-mediated substrate cleaved targeted during CVB3 infection (169).
Dysferlin-/- mice displayed enhanced cardiac membrane lesions and increased viral production,
demonstrating that dysferlin cleavage promotes the pathogenesis of CVB3-induced
cardiomyopathy. The precise contribution of 2AP°-mediated cleavage of host substrates,
including dysferlin, towards CVB3 infection-associated disease pathogenesis has yet to be fully

characterized.

1.4.6 Apoptosis

Activation of apoptosis is a characteristic of certain picornavirus infections (170-172).
Viruses may modulate apoptosis in infected cells to enhance cell lysis and viral spread.
Furthermore, apoptosis is responsible for many of the pathological consequences of picornaviral
infection such as dilated cardiomyopathy caused by cell death of cardiomyocytes and the
poliovirus-induced cell death of neuronal cells that leads to poliomyelitis (173, 174). Over-
expression of picornavirus 3C™ and 2A" can lead to hallmarks of apoptosis, including
activation of caspases and the mitochondrial release of cytochrome C, whereas expression of a

catalytically inactive proteinase does not, demonstrating that viral proteolytic activity is required
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for apoptosis activation (175). Viral proteinases may mediate this regulation by targeting
effectors of extracellular signal-regulated kinases 1/2 (ERK1/2) signalling (176). Under normal
physiological conditions, Grb2-associated-binding protein 1 (GAB1) mediates activation of
ERK1/2, which occurs in response to many stimuli, including growth factors, cytokines and
hormones, and leads to its phosphorylation and recruitment of adaptor proteins SOS and Grb2.
This in turn mediates further interactions with a wide range of downstream effector proteins,
such as RasGAP, to regulate a variety of cellular functions, including apoptosis (177, 178).
CVB3 hijacks ERK1/2 function through cleavage of RasGAP and GAB1 to promote
phosphorylation of ERK1/2 and activate apoptosis (179-181). Inhibition of apoptosis and loss of
GABI both result in a decrease viral titres and protein production, demonstrating that apoptosis
promotes viral infection and this effect may be mediated through disruption of ERK1/2

signalling.

1.4.7 Pathogen recognition receptors

Cells initiate a variety of antiviral mechanisms that can suppress steps in the viral life
cycle, target viral proteins for degradation, or promote cell survival responses. Many viruses;
however, are able to persist by evolving strategies to inhibit or circumvent cellular antiviral
defense mechanisms. Such strategies utilized by many viruses, including picornaviruses, involve
virus-mediated proteolytic cleavage of host proteins, some of which have been described above
that contribute indirectly to inhibit host antiviral responses, including shutoff of host protein
transcription and translation, and the blocking of nuclear-cytoplasmic transport. In addition,
picornaviral proteinases can interfere directly with host antiviral response pathways through

proteolytic cleavage, which are summarized below (Table 1.2).
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Induction of the innate immune response is the first line of defense against invading
foreign pathogens. Pathogen recognition receptors (PRRs), a family of ligand-binding receptors,
recognize and bind to elements unique to foreign pathogens termed pathogen-associated
molecular patterns (PAMPs) (182). Detection of RNA viruses primarily occurs through members
of three PRR families: Toll-like receptors (TLR), RIG-I-like receptors (RLR) and nucleotide-
binding oligomerization domain-like receptors (NLR). Both TLR and RLR signalling pathways
converge to induce transcription of type I IFN via activation of interferon regulatory factor 3/7
(IRF3/7) and NF«B transcription factors (182). Despite having elements that would activate
these pathways, such as an RNA genome, many picornaviruses have evolved mechanisms to
counter type I IFN production.

Melanoma Differentiation-Associated protein 5 (MDAS) and retinoic acid-inducible gene
I (RIG-I) are DexD/H box helicases, which belong to the RIG-I-like family of receptors that
sense viral RNA in the cytosol (182). MDAS binds to long dsSRNA regions that occur during the
replication phase of picornaviruses, whereas RIG-I recognizes 5’-triphosphates of ssRNA or
short fragments of dSRNA or stem loops (183, 184). Upon RIG-I or MDAS5 binding, both
receptors interact with the mitochondrial antiviral-signalling protein (MAVS) to initiate NFxB
signalling that leads to type I IFN induction (183, 185-187). While activation of either receptor
induces the same antiviral response, only MDAS appears to be essential for picornavirus
recognition. Virus infection of MDAS knockout mice that are unable to activate type I IFN result
in increased viral loads of EMCV and HRV1A; however, viral loads remain unchanged upon
infection in RIG-I knockout mice (184, 188-190). To antagonize this antiviral response, many
picornavirus infections, including those in poliovirus, EV71 and CVB3, lead to alterations in

MDAJS protein levels. EV71 infection leads to complete degradation of MDAS, whereas
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poliovirus and CVB3 infections result in a moderate decrease in full-length protein with the
accumulation of a smaller cleavage product as infection progresses (104, 191). Whether MDAS
is a direct target of picornavirus proteinases remains unclear. MDAS cleavage in EV71 or
poliovirus-infected cells is caspase- and proteasome-dependent; however, MDAS is still cleaved
during CVB3 infection in the presence of caspase and proteasome inhibitors (104, 191, 192).
MDADS5 is cleaved in cells expressing CVB3 2AP™ and occurs late in CVB3-infected cells.
Mengoviruses inhibit type I IFN responses but does not cleave MDAS, suggesting that other
components of the pathway may be targeted, and that each picornavirus may have distinct
pathways to disrupt type I IFN signalling (104, 191). Interestingly, while RIG-I is not essential
for innate immunity to counter picornavirus infection, cleavage of RIG-I is still observed during
poliovirus, HRV16, EV71 and CVB3 infection, and mediated by 3C"° (191, 193). It is possible
that cleavage of RIG-I ensures blockage of this arm of antiviral signalling and/or the effects
observed for EMCYV infection in RIG-I-/- mice, which are not indicative amongst all picornaviral
infections.

Many picornavirus infections lead to an elevation of pro-inflammatory cytokines that are
dependent on NLR activity. NLRs are a large family of intracellular PRRs, whereby a subset
induce the assembly of the inflammasome, a multi-protein complex that activates expression of
inflammatory cytokines interleukin-1f (IL-1f) and IL-18 upon detection of a foreign pathogen
(194). Upon detection of viral dSRNA, the NLRP3-containing inflammasome is activated via
complex formation of NLRP3 with the adaptor protein apoptosis-associated speck-like protein
containing a CARD (ASC) and caspase-1, leading to the processing of pro-inflammatory

cytokines IL-1f and IL-18 for secretion (195). To counter this pathway, EV71 cleaves NLRP3
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via 2AP and 3CP™, effectively inhibiting inflammasome activation and reducing levels of IL-1p

(196).

1.4.8 Type I interferon signalling proteins

PRR activation through MDA-5 and RIG-I is mediated through MAVS, a common
signalling mediator for both receptors. MAVS in turn activates I-kappa-B (IkB) and TRAF
family member-associated NF«kB activator (TANK)-binding kinase complexes to promote NFxB
and IRF3-mediated transcription of ISGs, respectively. Not surprisingly, cleavage of MAVS
serves as a mechanism to inhibit antiviral responses mediated during picornavirus infections.
During CVB3 infection, MAVS cleavage by 3C™ occurs at the mitochondrial membrane,
removing its N-terminus to disrupt both IRF- and NFxB-mediated IFN stimulation (104, 191,
197). Similar to MAVS, TIR-domain-containing adapter-inducing interferon-p (TRIF), which is
an adaptor molecule of TLR3 signalling, is cleaved by CVB3, EV71, HAV and EV86 3C"™,
blocking its ability to stimulate NFkB-mediated transcription (104, 198, 199). Additional
downstream activators, including NFxB essential modulator (NEMO), a downstream activator of
MAVS, is also a target by HAV and FMDV 3C™, disrupting transcriptional activation of NFxB
and IRF3 (200, 201). DNA-dependent protein kinase (DNA-PK), which is a molecular sensor for
DNA damage and is involved in DNA repair, may also have roles in the immune response as
DNA-PK is required for IRF-3-dependent activation of IFN genes in response to DNA, but not
RNA, viral infections (202, 203). Cleavage of DNA-PK is mediated by 2A"™ and occurs early
during poliovirus infection, resulting in loss of its kinase activity. However, the significance of

this during poliovirus infection remains to be investigated (204).
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Components of transcription factor complexes targeting ISGs are also subject to
proteolysis. p65/RelA, a factor of the NF«B signalling complex, is targeted for cleavage by
3CP™, contributing to inhibition of the host IFN response (105). Degradation of p65 also occurs
during FMDV infection in a L"°-dependent manner (103). IRF7 is also subjected to proteolytic
cleavage by EV71 and EV68 3CP™, inhibiting its transcription activation ability (205, 206).
Cleavage of IRF3 has not been observed; however, expression of the IRF7 N-terminal cleavage
product suppresses IRF3-mediated transcription activity and retains the ability to bind with full-
length IRF3, possibly acting in a dominant-negative manner.

Factors that regulate IRF and NF«kB transcription are also altered during picornavirus
infection. Inhibitor of kBa (IxBa) is an inhibitor of NF«B transcription factor function, by
preventing its translocation into the nucleus. During CVB3 infection, NFxB undergoes
translocation to the nucleus but no NF«kB signalling occurs (106, 207). IxBa is cleaved by 3C™°
and its cleavage fragment relocalizes to the nucleus whereby it acts as a negative regulator of
NF«B. Thus, like IRF7, the IxBa cleavage fragments may retain functions to exacerbate
inhibition of antiviral responses. Similar to IkBa, TANK is also a negative regulator of NFxB
signalling that is cleaved during EMCYV infection; however, its role in inhibiting NFkB signalling
is not yet clear (158). The transforming growth factor beta-activated kinase 1 (TAK1) complex,
comprised of TAK1, TGF-beta-activated kinase 1 and MAP3K7-binding protein 1 (TABI),
TAB?2 and TAB3 proteins, is required for activation of TLR-mediated NF«kB signalling
pathways. EV71 3C" interacts with TAB2 of the TAK1 complex, targeting all four proteins for
cleavage and effectively inhibiting their transcriptional activity (208). In summary, several

components of the PRR signalling pathways and IFN-mediated responses are targeted through
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the action of picornavirus-encoded proteinases, thereby ensuring fail-safe inhibition of the

antiviral responses.

1.4.9 Activators of other signalling pathways

Picornavirus proteinases not only target the induction of signalling pathways of IFN, but
also the secondary signalling cascade via the Janus kinase — signal transducer and activator of
transcription (JAK-STAT) pathway downstream of IFN signalling, which regulates the
expression of several antiviral ISGs (209). Type I IFN binds to the interferon-o/fp receptor
(IFNAR), comprised of two subunits called IFNAR1 and IFNAR?2, to initiate the JAK-STAT
pathway involving activation of JAK kinases and phosphorylation of STAT transcription
activators. Phosphorylated STAT1 and STAT2 complex with IRF9 to form the transcription
factor ISGF3, which targets many ISGs that inhibit viral growth, including protein kinase R
(PKR) and 2’-5’ oligoadenylate synthase. EV71 2AP and 3C" target IFNARI and IRF9,
respectively, resulting in their inactivation that contributes directly to the inhibition of ISG
induction (210, 211).

Humoral immunity contributes to host antiviral response by inhibiting the systemic
spread and clearance of the virus though sensing of foreign pathogens by antibodies in the blood
(212-215). The complement system mediates this response by facilitating the binding of the
complement component C3 protein to surfaces of foreign pathogens and inducing lysis of the
foreign pathogen or infected cell (216). Mechanisms for evading complement activation have
been described for some viruses (217, 218). During enterovirus infection, C3 is capable of
gaining entry into the cell by covalently binding to the viral capsid, and inducing a MAVS-

dependent innate immune response. Poliovirus and HRV circumvent this by targeting C3 for
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cleavage by 3C"™ (219). Thus, the examples described above collectively demonstrate how viral
proteolytic cleavage is used to block host antiviral response at multiple levels and thus is a key

player for its successful infection.

1.4.10 Stress granules

Cellular stresses that inhibit protein synthesis lead to the formation of dynamic
cytoplasmic granular RNA structures, called stress granules (SGs), which serve as temporary
storage compartments of mRNAs, ribosomes, translation initiation factors, and RNA-binding
proteins (220). The function of stress granules is still poorly understood but it is thought to
regulate mRNA metabolism during cellular stress and concentrate signalling factors important
for apoptosis and/or antiviral innate immunity. Several proteins have been implicated in SG
formation and/or identified as SG markers. SG components Ras GTPase-activating protein-
binding protein 1 (G3BP1), T-cell-restricted intracellular antigen 1 (TIA1), and TIA1-related
protein (TIAR), are considered hallmark RNA binding proteins that contain aggregation domains
for SG assembly (221-223). SG formation has been of interest to virologists, as SGs are inhibited
in many virus-infected cells, suggesting a role of SG in viral infection (224-226). In poliovirus
and coxsackievirus-infected cells, SG formation is inhibited late in infection via cleavage of
G3BP by 3C"™, allowing replication to proceed, while over-expression of a cleavage-resistant
G3BP allows SGs to persist longer, decreasing viral yield, thus suggesting that SGs are antiviral
(225, 226). Indeed, recent studies have demonstrated a role for stress granules in innate
immunity, whereby PRRs localize within SGs to facilitate their activation and elicit innate

immune responses (227-230).
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1.5 Approaches to identifying candidate substrates

It is clear from the examples described above that proteolytic activity of viral proteinases
plays an essential role in the hijacking and inhibition of cellular pathways and factors to promote
the viral life cycle. It is also apparent that viral proteinases do not degrade indiscriminately but
rather selectively, thereby allowing precise control of biological processes. Proteases catalyze
hydrolytic reactions irreversibly, thereby controlling the fate and activity of the target proteins.
Some targeted proteins undergo degradation; however, as described in examples above, it is clear
that some truncated fragments can have functions distinct from the full-length protein (106, 125,
206, 225). The challenge now is to identify the cleaved fragments within a population of
proteins. In spite of the advances in identifying novel substrates of viral proteinases, the full
repertoire of host proteins targeted for cleavage during infection has not been fully defined.

Previous attempts to identify novel targets of viral proteinases have included candidate
approaches, two-dimensional gel electrophoresis coupled with mass spectrometry, and
bioinformatics; however, these techniques have their limitations. Candidate approaches such as
detection by immunoblotting are hypothesis-driven based on a candidate’s previously established
function that either participates in a cellular pathway affected during virus infection or is similar
to the function of a known substrate. However, this is time-consuming and depends on the
availability of antibodies. Bioinformatics approaches identify candidate substrates based on the
presence of a preferred proteinase (i.e. 2A™° or 3C") consensus cleavage site established from
phylogenetic and mutagenesis studies of known polypeptide cleavage sites as well as systematic
cleavage of permutated peptides (5). Although useful, this does not take into account protein
expression or accessibility of cleavage sites within the cell. Furthermore, cleavage sites of host

proteins may deviate from the preferred consensus site and thus may limit the range of potential
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substrate that can be identified. For example, non-canonical cleavage sites are often identified in
target proteins from studies of the degradome of metalloproteinases (231). Thus, cleavage site
specificities do not reliably identify native substrates in vivo. Exosites, which are non-active site
recognition surfaces that affect substrate specificity and cleavage activity, also cannot be
modeled with certainty yet (1). Thus, it is important to keep an unbiased approach in identifying
protease targets. Two-dimensional gel electrophoresis in combination with mass spectrometry
has been used to successfully identify a few novel substrates; however, it is also limited by the
poor quality of peptide resolution achieved by gel electrophoresis and does not allow for
identification of proteolytic cleavage sites occurring near the protein termini or for proteins

products found in low abundance (4).

More recent mass spectrometry-based techniques have developed gel-free strategies that
have been specifically designed for analysis of protease-generated peptides (232). Traditional
shot-gun proteomics involves analysis of the entire proteome between two different samples,
such as comparing wild-type versus mutant protease-treated samples. Coupled with the ability to
isotopically label proteins, this can serve as a more sensitive approach to identify candidate
substrates by measuring the relative abundance of proteins between two samples. This approach;
however, still comes with its limitations as cleavage products can be masked by more abundant
proteins, especially in highly complex samples such as in tissues. To resolve these issues,
positive and negative selection strategies have been employed to enrich for N-terminal peptides,
each of which have advantages and disadvantages. N-terminal biotinylation of peptides through
enzymatic or chemical methods followed by streptavidin pull-down can positively enrich for N-

terminal peptides (233). However, its labeling efficiency is relatively low and not always
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Figure 1.5 Schematic of TAILS workflow. The protease (represented by scissors) is incubated with proteome
samples, resulting in protease-generated cleavage products with neo-N-termini. Primary amine groups of natural and
protease-generated neo-N-termini (NH,), as well as within lysine resides (K), are isotopically-labeled and
subsequently blocked. Proteome samples are further digested with trypsin, generating internal tryptic peptides with
an unlabeled free N-terminal amine group. Internal tryptic peptides are removed through reaction with a aldehyde-
derivative polymer, which is then removed through ultafiltration. The remaining sample enriched with natural and
neo-N-terminal peptides are then analyzed and quantified by LC-MS/MS. Adapted from Kleifeld et al (2011) (234)
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compatible with isotopic labeling for quantification. Moreover, many protein N-termini are
subjected to several post-translational modifications that can interfere with methods of positive
selection, which posses a challenge for positive selection methods and results in a significant
proportion of protease-generated N-terminal peptides unaccounted for. Other approaches such
combined fractional diagonal chromatography (COFRADIC) and terminal amine isotopic
labeling of substrates (TAILS) employ a negative selection strategy to enrich for N-terminal
peptides (231, 234-237). Both approaches use whole protein amine isotopic labeling that
effectively blocks the reactivity of protein N-termini (as well as internal lysines), followed by
trypsin digestion and removal of unlabeled internal trypsin-generated peptides. In the
COFRADIC method, the trypsin generated peptides are treated with an oxygen-18 isotopic label,
generating highly hydrophobic peptides that can then be removed through multiple
chromatography steps. COFRADIC has been successful in the negative selection of N-termini
peptides; however, larger amounts of starting sample is required and the extensive fractionation
requires considerable mass spectrometry time (238). Alternatively, TAILS utilizes a dendritic
polyglyceraldehyde polymer that covalently binds to the free amines of trypsin-generated
peptides, which are then removed by filtration (Figure 1.5). Use of this polyglyceraldehyde
polymer allows for lower starting material, fewer samples for mass spectrometry analysis, and
more options for peptide labeling. TAILS has been successful at identifying novel substrates for
a variety of proteases, including matrix metalloproteases and dipeptidyl proteases (6-8, 239). N-
terminal enrichment methods like COFRADIC and TAILS are still limited by the occurrence of
N-terminal post-translational modifications that interfere with N-terminal labeling methods, and

thus complete proteome enrichment cannot be achieved. Methods for C-terminal enrichment of
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peptides have been described; however, complete C-terminal labeling has been difficult to

achieve (240, 241).

1.6 Thesis rationale, hypothesis and specific aims

Research thus far into the substrates of picornaviral proteinases and the proteolytic events
that ensue during virus infection has provided key insights into viral-host interactions required
for successful picornaviral infection. Many of such proteolytic events involve a plethora of host
proteins to effectively and efficiently inhibit major cellular signalling pathways that induce
antiviral responses. To date, there are approximately 45 known host proteins that serve as
substrates of picornavirus proteinases; however, we hypothesize that these viral proteinases
target other host proteins to support virus infection that have yet to be identified through
conventional methods. Thus, the objective of my thesis was to establish TAILS as a method for
identifying novel substrates of picornavirus proteinases. To accomplish this, I addressed the

following specific aims:

1. Develop an in vitro approach to perform TAILS using picornavirus proteinases.

We applied TAILS using cellular extracts from HeLa cells subjected to model picornavirus
proteinases from the enterovirus genre, poliovirus 3C™* and CVB3 2A™°. For comparison, we
applied TAILS using HL-1 cardiomyocytes subjected to CVB3 3C" to more closely recapitulate
a physiological setting of virus infection, and to identify conserved and unique substrates among

3CP of two different enteroviruses (Chapter 3).

2. Validate candidate substrates identified by TAILS as novel targets of picornavirus proteinases.
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I applied a series of in vitro and in vivo experiments to validate select candidate substrates
identified by TAILS as bona fide novel substrates of picornavirus proteinases, as well as to

confirm the cleavage site identified by TAILS (Chapters 3, 4, and 5).

3. Characterize the functions of novel substrates during picornavirus infection and explore the
biological significance of cleavage.

The functional importance of select validated candidate substrates during virus infection was
explored utilizing a series of experiments, including siRNA knockdown and over-expression of

wild-type and cleavage resistant forms to monitor changes in viral titres (Chapters 4 and 5).

39



Chapter 2: Materials and Methods

2.1 Cell culture and virus stocks

HeLa cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) at 37°C. HL-1 murine
cardiac muscle cells were cultured in Claycomb media (Sigma) supplemented with 10% FBS,
1% P/S, 2 mM L-glutamine, and 0.1 mM norepinephrine in ascorbic acid. Poliovirus (Mahoney
type 1 strain) was generated from transfection of in vitro transcribed RNA from a poliovirus
infectious clone, pT7pGemPolio (generously provided by Kurt Gustin, University of Arizona)
into HeLa cells. Poliovirus and CVB3 (Kandolf strain) were both propagated and titred in HeLa

cells.

2.2 Plasmids and transfections

The full-length open reading frames of the following proteins were PCR-amplified and
cloned into a p3xFlag-CMV-7.1 vector (Sigma) with a 3xHA-tag cloned downstream using Xbal
and BamH] sites: hnRNP M (NM_005968), hnRNP K (NM_ 002149), ALIX (NM_013374),
RIPK1 (NM_003804), ACYL (NM_001096), PFAS (NM_012393) and USO1
(NM_001290049). Full-length CVB3 3C"™ (M88483) and a CVB3 3C" C147A mutant were
PCR-amplified and cloned into the Not/ and Ndel restriction sites of pET28b. Constructs were
verified by sequencing. Full-length wild-type and mutant QG832EP USO1 was cloned into a
mEGFP-C1 vector using Xhol and BamHI sites.

For DNA transfections, HeLa cells were transfected with 1-2 pg of plasmid using
Lipofectamine 2000 (Invitrogen) according to the manufacture’s protocol. Cells were transfected

in antibiotic-free media for 5 hours, then replaced with complete media for 24-48 hours. For
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siRNA transfections, HeLa cells were transfected (30-40% confluency) with the following
siRNAs using Lipofectamine RNAimax (Invitrogen): hnRNP M (Ambion; $9259, s9261, s9260),
hnRNP K (Ambion; s6739, s6738, s6737), PFAS (Ambion; s10331, s10332, s10330), RIPK1
(Ambion; s16651), ACLY (Ambion; s915), ALIX (Ambion; s19467, s19465, s19466) and USO1
(Ambion; $s16392, 516391, s16390). Knockdown efficiency was validated by immunoblot
analysis.

The pIRES-poliovirus and pIRES-dEMCYV bicistronic reporter constructs (generously
provided by Gabriele Fuchs and Peter Sarnow, Stanford University) were transfected into HeLa
cells for 1 hour and then infected with poliovirus. Cells were harvested and luciferase activity
was monitored using a dual Luciferase reporter assay kit (Promega). Luminescence was

measured using a Centro LB 960 luminometer (Berthod Technologies).

2.3 Virus infections

Virus was absorbed with HeLa or HL-1 cells at the indicated multiplicity of infection
(MOI) for 1 hour in serum-free DMEM at 37°C, then washed with phosphate buffered saline
(PBS) and replaced with complete media. For virus infections in the presence of Z-Val-Ala-DL-
Asp-fluoromethylketone (zVAD-FMK, Calbiochem), zZVAD-FMK was added to serum-free
DMEM containing virus at a final concentration of 50 pM.

For pulse chase experiments, media was replaced with methionine- and cysteine-free
media containing 30 pCi of [*°S]-EasyTag™ Express Protein Labeling Mix (Perkin Elmer) for
30 minutes prior to harvesting. Cells were lysed in RIPA buffer (10 mM Tris pH 8§, | mM
EDTA, 0.5 mM EGTA, 140 mM NaCl, 1% Triton-X100, 0.02% Na-deoxycholate, 0.1% SDS)

supplemented with protease inhibitors (Roche), and protein concentrations were determined by
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Bradford assay. Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and analyzed by phosphorimager analysis.

For plaque assays, virus-infected cells were washed twice with PBS, harvested in serum-
free DMEM and lysed by 3 cycles of freeze thawing. Serial dilutions of cell supernatants were
incubated with HeLa cells for 1 hour at 37°C. Cells were washed twice with PBS and overlaid
with DMEM containing 2% FBS, 1% P/S and 1% methylcellulose. After 72 hours, cells were
fixed with 50% methanol and stained with 1% crystal violet. Plaques were counted and viral titre

was calculated as plaque forming units (PFU) per milliliter.

2.4 Immunoblot analysis
Equal amounts of protein were resolved by SDS-PAGE and transferred to a PVDF

membrane. Antibodies used in this study were as follows: 1:1000 hnRNP M, 1:500 « -tubulin,

1:1000 actin (Santa Cruz Biotechnologies), 1:3000 G3BP1 (BD Transduction Science), 1:3000
VP1 (Dako), 1:1000 PABP (generously provided by Dr. Richard Lloyd, Baylor College of
Medicine), 1:1000 PARP (Pharmingen), 1:1000 GAPDH (Abcam), 1:2000 AIP1/ALIX
(Millipore), 1:4000 RIPK1, 1:7500 hnRNP K (Santa Cruz), 1:1000 PFAS (Abcam), 1:2000
ACLY (Millipore), 1:1000 VDP p115/USO1 (Novus Biologicals), 1:1000 HA (Covance), and

1:2000 FLAG (Sigma-Aldrich).

2.5 Northern blot analysis
Total RNA was isolated from cells using Trizol reagent (Invitrogen). RNA was resolved
on a denaturing agarose gel and transferred to Zeta-probe blotting membrane (Biorad).

Radiolabeled DNA hybridization probes were generated using the Deca labeling kit (Fermentas).
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The amount of radiolabeled probe hybridized to the blot was analyzed and quantified using a

phosphorimager (Typhoon, Amersham Biosciences).

2.6 Immunofluoresence

HeLa cells on coverslips were fixed with cold 100% methanol for 10 minutes, washed
three times with PBS and then blocked with 5% bovine serum albumin (BSA) in PBS for 1 hour,
followed by 1 hour incubation with primary antibody with 1% BSA in PBS at room temperature.
The primary antibodies were used as follows: 1:25 hnRNP M and 1:50 HA (Santa Cruz
Biotechnologies), 1:75 USO1 (Novus Biologicals), 1:400 double stranded RNA (dsRNA,
English & Scientific Consulting Bt), 1:100 FLAG (Sigma), and 1:300 VP1 (Dako). Coverslips
were washed three times with PBS then incubated with 1:500 secondary antibody (goat anti-
rabbit or goat anti-mouse Texas red, and goat anti-mouse Alexa Fluor 488 (Life Technologies)
with 1% BSA in PBS and Hoescht to stain for nuclei. Following three washes, coverslips were
mounted onto slides using Prolong Gold Antifade Reagent (Life Technologies). Cells were
imaged and analyzed using a Nikon Eclipse Ti confocal microscope and pictures were taken

using the NIS-elements software.

2.7 Protein purification

Wild-type and catalytically inactive (C57A) CVB3 2A""* and His-tagged wild type and
catalytically inactive mutant (C147A) poliovirus 3C** were purified using expression plasmids,
pET-Cx2A, pET-Cx2A C109A, pET3Chc and pET3Chc C147A (generously provided by
Richard Lloyd, Baylor College of Medicine). Wild-type CVB3 3C" and a C147A catalytically

inactive mutant proteinase were cloned into a pET28b expression vector containing an N-
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terminal His-tag. 2AP" proteinases were expressed in and purified from BL21 bacterial cells by
ion exchange chromatography and size exclusion chromatography as previously described (87,
98). 3C"™* was expressed in and purified from BL21 bacterial cells by Nickle-nitrilotriacetic acid
(Ni-NTA) chelating resin affinity chromatography. Fractions containing purified 3C** were then
pooled and dialyzed in 20 mM Hepes pH 7.4, 100 mM NaCl, 7 mM B-mercaptoethanol, and 20%
glycerol. Expression plasmid containing 3CD was generously provided by Bert Semler (UC-
Irvine). Recombinant 3CD"™ was purified as described (133). The integrity and purity of the

purified protein were verified by Coomassie R-250 staining using SDS-PAGE analysis.

2.8 Invitro cleavage assay

HeLa and HL-1 cell lysates were prepared by harvesting and pelleting cells in cold PBS
and then resuspending in 2-3X pellet volumes of cleavage assay buffer (20 mM Hepes pH 7.4,
150 mM KOAc and 1 mM DTT) supplemented with protease inhibitors (Roche). Cells were
incubated on ice for 10 minutes, and then lysed with 25 strokes in a dounce homogenizer.
Lysates were then clarified by centrifugation at 13,000 rpm for 15 minutes at 4°C.

Purified hnRNP M (20 pg, Origene) or cell lysates were incubated with purified wild-
type or catalytically inactive CVB3 2AP™ (5 ng/ul), poliovirus 3C** (100 ng/ul) or CVB3 3C"™
(100 ng/pl) in cleavage assay buffer at 37°C for different periods of times as indicated. Reactions

were resolved by SDS-PAGE and proteins were assessed by immunoblot analysis.

2.9 Fluorescence-activated cell sorting analysis
HeLa cells were transfected with either wild-type or mutant QG832EP mEGFP-C1 USOl1

for 24 hours and prepared for fluorescence-activated cell sorting (FACS) analysis by harvesting
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cells by pelleting cells following trypsinization and washing cells in FACS sorting buffer (2 mM
EDTA, 2% FBS, 1xPBS). Cells were resuspended at 10-20 million cells/ml in FACS sorting
buffer, then sorted by FACS using a FACSAria or BD Influx (BD Biosciences) cell sorter. GFP-
expressing cells were collected and allowed to recover for 24 hours in DMEM supplemented

with 20% FBS and 1% P/S.

2.10 Mouse infection by CVB3

A/J mice (Jackson Laboratory #000646) at approximately 5 weeks of age were infected
with 10° PFU by intraperitoneal injection. Mock infections were performed using equal volumes
of PBS. At 9 days post-infection, mouse hearts were harvested, lysed and immunoblotted as
indicated. These studies were performed in accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the Canadian Council on Animal Care and were
approved by the Animal Care Committee at the University of British Columbia (Animal #A13-

0237).

2.11 N-terminal TAILS proteomics

TAILS was performed on HeLa cell extracts subjected to an in vitro cleavage assay as
described above. Briefly, equal amounts of HeLa cell lysates were incubated with either purified
wild-type or catalytically inactive mutant purified poliovirus 3C™ or CVB3 2AP®, while equal
amounts of HL-1 cell lysates were incubated with either purified wild-type or catalytically
inactive mutant purified CVB3 3C"™, and incubated overnight at 37 degrees. TAILS was then
performed as previously described (231, 242). In brief, after the protein was denatured and

reduced, cysteines were alkylated and samples were isotopically labeled at the protein level by
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reductive dimethylation of primary amines. Thus, any protein a amines on the natural N-
terminus or the proteinase generated neo-N-terminus were labeled and so could be identified
after trypsin digestion. Heavy (wild-type proteinase-treated) and light (catalytically-inactive
proteinase-treated) isotopically labeled samples were combined, salts removed and the samples
concentrated by methanol precipitation. The sample was then subject to trypsin digestion,
followed by enrichment of labeled peptides by a negative selection step using a dendritic
polyglycerol aldehyde polymer purchased from Flintbox
(http:/flintbox.com/public/project/1948). Unbound labeled N-termini peptides were separated
from the polymer-bound peptides by centrifugation through a 10-kDa Microcon filter
(Millipore). The flow through was collected and fractionated by strong-cation exchange high-
performance liquid chromatography.

Samples analyzed on the LTQ-Orbitrap XL were loaded into a nano HPLC system
(Thermo Scientific) coupled to an LTQ-Oribitrap hybrid mass spectrometer (LTQ-Orbitrap XL,
Thermo Scientific) through a nanospray ionization source consisting of a fused-silica trap
column (length, 2 cm; inner diameter, 100 pm; packed with 5 um-diameter Aqua C-18 beads;
Phenomenex), fused-silica fritted analytical column (length, 20 cm; inner diameter, 50 pm;
packed with 3 pum-diameter Reprosil-Pur C-18-AQ beads; Dr. Maisch GmbH) and a silica gold-
coated spray tip (20 um inner diameter, 6 pm diameter opening, pulled on a P-2000 laser puller;
Sutter Instruments; coated on EM SCDO005 Super Cool Sputtering Device, Leica Microsystems).
Buffer A consisted of 0.5% acetic acid, and buffer B consisted of 0.5% acetic acid and 80%
acetonitrile (ACN). Gradients were run from 0% B to 15% B over 15 min, then from 15% B to
40% B in the next 65 min, then increased to 100% B over 10 min period, held at 100% B for 30

min. The LTQ-Orbitrap was set to acquire a full-range scan at 60,000 resolution (m/z 350-1,800)
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in the Orbitrap and to simultaneously fragment the top five peptide ions in each cycle in the LTQ
(minimum intensity 200 counts). Parent ions were then excluded from tandem mass spectrometry
(MS/MS) for the next 180 s. The Orbitrap was continuously recalibrated against protonated
(Si(CH3)20)6; at m/z = 445.120025 using the lock-mass function.

For samples analyzed on the Aligent G6550A quadrupole time-of-flight (Q-TOF) mass
spectrometer, samples were loaded without dilution into a 1200 Series nanoflow HPLC system
(Agilent Technologies) connected to a 6550 Q-TOF (Agilent Technologies) through a Chipcube
ion source. Peptide separation was performed by reversed phase chromatography using a micro-
fluidic CHIP comprised of an analytical column; 75 um ID, 150 mm length with a 300-A C18
stationary phase and a 160 nL trap column of the same phase. Peptides were loaded in 0.1% (v/v)
formic acid at 2 pLL/min, and then resolved at 0.3 puL/min for 60 min, during which a linear
gradient of acetonitrile was created from 5% to 40% in 0.1% (v/v) formic acid. Operating in auto
MS/MS acquisition mode, the Q-TOF was set up to acquire full scan data over a mass range of
350 to 1700 m/z and MS/MS for the five most intense, multiply-charged ions.

For TAILS using CVB3 3C™, peptides were eluted from Stage tips in 80% ACN, 0.1%
formic acid, SpeedVac concentrated to near-dryness and dissolved in approximately 20 pl mobile
phase A (0.1% formic acid). Peptides were analyzed with an EASY nLC-1000 HPLC system
(Thermo Scientific) online coupled to an Impact II high resolution, high mass accuracy QTOF
system using a CaptiveSpray ion source (Bruker Daltonics) that was modified for minimal post-
column dead volume as described in (Beck et al 2015 MCP). Peptides were loaded onto an in-
house packed column (40 cm, 75 um 1.D.) packed with C18 material (Reprosil-Pur C-18-AQ
beads 1.9 pm size; Dr. Maisch GmbH) and a silica gold-coated spray tip (20-um inner diameter,

6-um diameter opening, pulled on a P-2000 laser puller; Sutter Instruments; coated on EM
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SCDO005 Super Cool Sputtering Device, Leica Microsystems). Separation was performed using a
linear gradient of 2-35% mobile phase B (100% ACN, 0.1% formic acid) over 90 min at a

flowrate of 250 nL./min and heated to 50°C.

2.12 Mass spectrometry data analysis

For samples analyzed on the Q-TOF, MS peaks were searched by MASCOT (version 2.2,
Matrix Science, London, UK) against a human database at a 1% false discovery rate (FDR).
Queries originating from the same precursor (within 10 ppm and 1 min elution time) were
searched as a group. Peptide and fragment mass error tolerances were set to 10 ppm and 0.4 Da,
respectively. MASCOT searches of MS data were performed separately for heavy- and light-
labeled peptides. Searches were performed using the following modifications: fixed
carbamidomethylation of cysteines (+57.021 Da (Cys)), fixed heavy lysine (+34.0631 Da (Lys)),
or light lysine (+28.0311 Da (Lys)); variable methionine oxidation (+15.995 Da (Met)), and
fixed and variable modifications of the N-termini with heavy formaldehyde (+34.0641 Da (N
termini)), light formaldehyde (+28.0311 Da (N-termini)), and acetylation (+42.011 Da (N
termini)). The additional search criteria used were as follows: semi-ArgC cleavage specificity
with up to three missed cleavages; a monoisotopic mass error window for the parent ion of 0.4 to
0.6 Da; and peptide mass tolerance of 0.4 Da for MS/MS fragment ions. Allowed peptide charge
states were 1+, 2+, and 3+. Quantification of the heavy to light isotopically labeled peptides was
achieved by using ProteolQ. Statistically significant quantified peptides were determined by box
plot analysis. All peptides identified within the upper fourth quartile were deemed statistically

significant.
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For samples analyzed on the Orbitrap XL and QExactive, spectra were matched to
peptide sequences in the human UniProt protein database (October 2013) with appended
standard laboratory and common contamination protein entries and reverse decoy sequences (in
total 177,324 entries) using the Andromeda algorithm as implemented in the MaxQuant software
package v1.4.12 at a peptide FDR of 0.01 (243, 244). Search parameters included a mass
tolerance of 5 p.p.m. for the parent ion, 0.5 Da for the fragment ions in LTQ-Orbitrap XL data
and 20 p.p.m. for fragment ions in QExactive data, carbamidomethylation of cysteine residues
(+57.021464 Da), variable N-terminal modification by acetylation (+42.010565 Da) and variable
methionine oxidation (+15.994915 Da).

Sequence logos were generated with IceLogo with a p-value of 5% (245).

2.13 Statistical analysis
All statistical analyses were performed using GraphPad Prism. All graphs represent the
mean + standard deviation (s.d.). P values were determined using an unpaired t-test and

statistical significance was determined at the p-values indicated.
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Chapter 3: Identification of Novel Host Substrates of 2A"" and 3C"" using In

Vitro TAILS

3.1 Background

Picornaviral proteinases play a prominent role during infection by processing viral
proteins and hijacking host protein function through proteolytic cleavage to facilitate infection
(246). Much information has already been obtained on various mechanisms that direct the
picornaviral life cycle and how host antiviral responses are circumvented through the
identification of host protein substrates targeted for cleavage (85, 87, 89, 107, 116, 117, 125).
Moreover, the identification of host protein substrates have provided insight into how viruses
infection can contribute to the progression of disease (163). Currently, there are ~45 known host
targets of picornaviruses; however, the full repertoire of targets is not known. Most targets have
been identified through candidate approaches, two-dimensional gel electrophoresis coupled with
mass spectrometry, and bioinformatics (4, 211, 247). However, these techniques have several
limitations and biases (232). To overcome these limitations, recent mass spectrometry-based
techniques have developed gel-free strategies that identify protease-generated peptides (231, 234,
235). TAILS has recently been developed as a gel-free proteomics-based approach to identify
protease substrates at their cleavage site. TAILS has identified novel substrates for matrix
metalloproteases and dipeptidyl peptidases, but has yet to be applied using a viral proteinase (6-
8).

In this chapter, I summarize the results obtained for Aim 1 of this thesis. We have
established an in vitro assay to perform TAILS as a novel approach to identify novel substrates

of picornavirus proteinases. We utilized an in vitro assay for TAILS to offset the occurrence of
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secondary cleavage events initiated as a result of virus infection, increasing the likelihood of
identifying direct substrates of these viral proteinases. We utilized model picornavirueses
proteinases from two enterovirues, the poliovirus and CVB3 3C"™ and 2A"", respectively, as
both these proteinases have been extensively studied at both the biochemical and structural level.
Moreover, as a subset of host proteins have already been identified as substrates of 3C** and
2AP™ within HeLa cell extracts, this provides a positive control for these studies. Furthermore,
poliovirus and CVB3 infection in HeLa cells has already been established, thus providing a
setting for validation of TAILS-identified candidate substrates in vivo. In addition to HeLa cell
extracts, we applied TAILS to HL-1 cardiomyocyte extracts subjected to CVB3 3CP™ to reflect a
more physiological setting of virus infection as cardiomyocytes are the primary targeted cells
upon CVB3-infection in humans (231, 232). Furthermore, we could identify both common and
unique substrates of 3C"™ from two different enteroviruses. Upon completion of our TAILS
experiments, a list of high confidence substrates was generated and a series of in vitro and in vivo
experiments were performed to validate select high confidence substrates as bona fide targets of

picornaviral proteinases.

3.2 Results
3.2.1 Purification and functional analysis of enteroviral proteinases

To establish an in vitro assay for applying TAILS using enteroviral proteinases, I first
expressed and purified wild-type and catalytically inactive versions of the following His-tagged
recombinant enteroviral proteinases from pET expression vectors: wild-type and C147A 3C™

from poliovirus and CVB3, and wild-type and C57A 2AP" from CVB3. Recombinant poliovirus
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Figure 3.1 Purified Recombinant Enteroviral Proteinases. Coomassie-stained gel of expressed His-tagged wild-
type (WT) and mutant recombinant CVB3 2A”™ (A), poliovirus (PV) 3C"° (B), and CVB3 3C" (C) enteroviral
proteinases. Protein concentration of a 10 ul sample of purified sample was estimated by comparing to known

amounts of bovine serum albumin (BSA) as indicated above.
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incubated with wild-type or mutant poliovirus (PV) 3CP°. A proteinase concentration of 100 ng/pl was used for the

time-dependent in vitro cleavage assays. Immnoblots showing cleavage of additional poliovirus 3C** substrates

PTB (bottom left) over time, and G3BP (bottom right) at one hour. (B) Immunoblot following cleavage of TDP-43

in HL-1 cell lysates incubated with wild-type or mutant CVB3 3CP* at one hour. (C) Immunoblot showing cleavage

of PABP in HeLa cell extracts by CVB3 2A"at 10 ng/pl for 1 hour. cp, cleavage product.
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2AP™ is notoriously difficult to purify, and thus was not included in this study. His-tagged
recombinant proteinases were expressed and purified from bacterial cells as described in the
Materials and Methods. Protein concentrations were measured from a 10 pl aliquot of purified
protein against a BSA standard (Figure 3.1).

Proteolytic activity of the wild-type recombinant proteinases was assessed by
immunoblot using an in vitro cleavage assay in HeLa or HL-1 cellular extracts. /n vitro cleavage
assays with varying proteinase concentrations and incubation times were performed to determine
optimal proteinase activity for TAILS. Incubation of wild-type but not mutant 3C™ or 2A”® in
lysates resulted in cleavage of known target substrates PABP, PTB, G3BP1, and TAR DNA-
binding protein 43 (TDP-43) (Figure 3.2) (85, 98, 225, 226, 248). The cleavage products

observed were of known sizes previously published in the literature.

3.2.2 Identification of candidate substrates of 3C""* from poliovirus and CVB3, and 2A""
from CVB3 using in vitro TAILS

We applied TAILS using proteinases from two model enteroviruses, poliovirus and
CVB3. Proteome samples prepared from HeLa cell extracts were incubated with purified wild-
type or a catalytically inactive mutant poliovirus 3C™ or CVB3 2AP™ proteinase (C147A and
C57A for 3C"™ and 2AP™, respectively) (Figure 3.3A). For comparison, protecome samples from
HL-1 cardiomyocyte lysates were incubated with CVB3 wild-type or mutant (C147A)

recombinant 3CP"°

in order to more closely recapitulate a physiological setting of virus infection
(249, 250). Furthermore, TAILS analysis of proteinases from two different enteroviruses that

infect distinct cell lines should identify common and cell-specific host targets that may be
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important for general enterovirus infection, including those that may contribute to specific
pathogenesis of disease.

TAILS was performed on cellular extracts following an in vitro cleavage assay using a
concentration 10 ng/ul and 100 ng/ul of 2AP™ and 3C"™, respectively, which were chosen based
on optimal cleavage activity observed in Figure 3.2 (231, 234, 251). Following proteinase
digestion, samples were isotopically labeled by reductive dimethylation of primary amines,
applying a heavy (+32 Da) formaldehyde to the wild type sample and a light (+28 kDa)
formaldehyde to the catalytically inactive mutant sample. The samples were mixed and
trypsinized, followed by a negative selection step that removes unlabeled trypsin-generated N-
terminal peptides using a dendritic aldehyde polymer, thus enriching for neo-N-termini and
natural N-termini peptides (peptides that have a heavy/light (H/L) ratio) that are then identified
by LC-MS/MS.

For poliovirus 3C" and CVB3 2AP®, TAILS-enriched peptides from HeLa cell lysates
were analyzed from a total of seven biological replicates using three different mass
spectrometers and two search engines for peptide identification (Figure 3.3B). From the seven
biological replicates for poliovirus 3C*™, we identified 3482 total peptides, of which 3210 were

pro

unique peptides from 1965 unique proteins. For CVB3 2A”", we identified 2688 unique proteins
and 4156 unique peptides from 5221 total peptides (Figure 3.3C). For CVB3 3C", we identified
347 unique peptides from 240 unique proteins, from a total of 364 identified peptides from three
biological replicates (Figure 3.3D).

Peptides with a high H/L ratio were identified and ranked to represent candidate

substrates that were cleaved in lysates containing wild-type proteinase compared to that

containing mutant proteinase. A box plot analysis was applied to determine the high and low
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statistical isotopic H/L ratio cutoffs. Neo-N-termini peptides with a H/L ratio above the high
statistical ratio cutoff and contained an arginine at its C terminus (semi-tryptic; representing
internal cleavages within the protein) were designated as high confidence candidate substrates.
For poliovirus 3C™™, 72 high confidence candidate substrates were identified including a peptide
from isoform 2 of PTB, a known substrate of 3C™* (Figure 3.3B, Table 3.1). Moreover, the PTB
peptide indicated that cleavage occurs between *' ' AIPQ|AAGL’"®, which is an identical cleavage
site reported previously, and thus provided validation of the TAILS approach of 3C*™ (107). An
additional 78 natural N-termini or neo-N-termini non-semi-tryptic peptides were identified with
a H/L ratio above the statistical cut off. Furthermore, we identified 165 neo-N-termini and
natural N-termini peptides with a H/L ratio below the low statistical ratio cutoff, which may also
include candidate substrates whose unprocessed form was found in higher abundance in the
mutant light-labeled sample. Alternatively, identified peptides either above or below the
statistical ratio cutoffs may represent protein substrates that are indirectly affected by 3C™™.

The same approach of substrate winnowing was applied to identify 34 and 63 high
confidence candidate substrates of CVB3 3C"° and 2AP™, respectively (Figure 3.3C and 3.3D,
Table 3.2 and 3.3). An additional 10 and 162 natural N-termini or non semi-tryptic neo-N-
termini peptide, and 36 and 265 significantly down-regulated neo-N-termini and natural N-
termini peptides, for CVB3 3C™ and 2AP™, respectively, were identified. Three common
peptides were found among both poliovirus and CVB3 3CP™ list of high confidence substrates:
hnRNP K, hnRNP M and phosphoribosylformylglycinamidine synthase (PFAS) (Figure 3.4A
and Table 3.4). Furthermore, a peptide corresponding to hnRNP K was also identified among the

list of high confidence substrates for CVB3 2AP; however, at a different putative cleavage site
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Figure 3.3 Summary of total peptides and proteins identified by TAILS analysis of poliovirus 3C"*", CVB3

2AP™, and CVB3 3C"™. (A) A schematic of the TAILS workflow. Proteome samples were incubated with purified

recombinant wild-type or mutant 3C* or 2A"", followed by isotopic dimethylation labeling and TAILS. Enriched

N-terminal peptides were identified by LC-MS/MS and quantified. Total and unique peptide, total protein, and

number of high confidence substrates are summarized for poliovirus 3C™ (B), CVB3 2A" (C), and CVB3 3C™

(D). High confidence substrates were determined by box plot analysis of quantified heavy:light (H/L) ratio of

dimethylation-labeled semi-tryptic neo-N-termini peptides.

57



Table 3.1 Select poliovirus 3C"™ high confidence candidate substrates from HeLa cells

Protein Description Gene P4-P1 TAILS Peptide Log2 H/L Ratio

Receptor-interacting serine/threonine-protein kinase 1 RIPK1 YKGR IILEHEGMCYL 5.22
ATP-citrate synthase ACYL AKNQ ALKEAGVFVPR 5.54
Ataxin-2 PFAS ASPQ AGIIPTEAVAMPIPAASPTPASPASNR 2.75

Polypyrimidine tract-binding protein 1 isoform 2 PTBP1 AIPQ AAGLSVPNVHGALAPLAIPSAAAAAAAAGR 4.39,4.29
Programmed cell death 6-interacting protein PDCD6IP PAYQ SSPAGGHAPTPPTPAPR 3.65

General vesicular transport factor p115 Uso1 VEVQ GETETHATKTTDVEGR 3.45,3.44
Ribonuclease inhibitor RNH1 VLCQ GLKDSPCQLEALKLESCGVTSDNCR 3.55

Table 3.2 Select CVB3 2AP™ high confidence candidate substrates from HeLa cells

Protein Description Gene P4-P1 TAILS Peptide Log2 H/L Ratio
Transcription elongation facot SPT6 SUPT6H ELER QGYGDKHITLYDIR 1.93
Cyclin-dependent kinases regulatory subunit 1 CKS1B SDKY DDEEFEYR 1.92
Exportin-1 XPO1 IKEF  AGEDTSDLFLEER 1.60
Seroin B6 EXOS9 QKFY QAEMEELDFISAVEKSR 1.30
Hetergeneous nuclear ribonucleoprotein K HNRNPK WQMA AYEPQGGSGYDYSYAAGR 0.36

Table 3.3 Select CVB3 3C"" high confidence candidate substrates from HL-1 cardiomyocyte cells

Protein Description Gene P4-P1 TAILS Peptide Log2 H/L Ratio
Microtubule-associated protein 1B MAP1B AAHQ ASSSPPIDAATAEPYGFR 2.80
Filamin-A FLNA NYPQ GSQQTWIPER 4.24
Lysosomal alpha-glucosidase LYAG IPLQ GPSLTTTESR 5.13
Exosome Complex Component RRP45 EXOS9 VSVQ GEEVTLYTPEER 0.79
DNA-directed RNA polymerase Il subunit RPB2 RPB2 IDLQ AEAQHASGEVEEPPR 1.25
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(Figure 3.4B and Table 3.5). This data suggests that these proteins may be strategic targets for
enterovirus infection. One common protein, heat shock protein beta-1, was identified in both
CVB3 3C" and poliovirus 3C"* high confidence substrate lists, and thus may also serve as a
common enterovirus 3C™™ substrate but is cleaved at different sites (Figure 3.4B and Table 3.6).
Interestingly, we identified five common peptides between poliovirus 3C"° and CVB3 2A™
(Figure 3.4A and Table 3.5), and an additional three common proteins (Figure 3.4B and Table
3.7). No common peptides were identified between CVB3 3C™° and CVB3 2A"° (Figure 3.4A);
however, one common high confidence substrate, Actin, was identified at the protein level
(Table 3.8). Thus, there may be additional proteins that serve as substrates for both enterovirus
3C" and 2A"™.

An analysis of poliovirus 3C” high confidence substrate peptides revealed a strong
preference for glutamine, proline and alanine at the P1, P2 and P4 position, respectively, which
is consistent with the consensus cleavage sites within the polyprotein (Figure 3.5A) (5).
However, there is flexibility at the P1° position, showing preferences for alanine, methionine,
and glutamine, in addition to the preferred glycine. Similarly, CVB3 3C"™ shows a strong
preference for glutamine at the P1, as well as the small amino acid alanine, in addition to glycine,
at P1°, and hydrophobic amino acids at P4 (Figure 3.5B). The CVB3 2AP" -identified peptides
showed a more variable consensus cleavage site in contrast to its consensus cleavage site within
the viral polyprotein (Figure 3.5C). In summary, the TAILS approach has identified several
novel candidate substrates and revealed flexibility in the cleavage site of 3C™ and 2AP™ beyond

the previously reported consensus sequence.
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Figure 3.4 Venn diagram of high confidence substrates of poliovirus 3C*™, CVB3 3C"", and CVB3 2AP"™.
Venn diagram illustrating the percentage of (A) common high confidence peptides and (B) common high confidence

proteins between poliovirus 3C*°, CVB3 3C"™°, and CVB3 2AP°.

Table 3.4 Common high confidence poliovirus 3C*" and CVB3 3C"™ peptides identified by TAILS

. o . Log2 H/L Ratio | Log2 H/L Ratio
Protein Description Gene P4-P1 TAILS Peptide PV CVB3
Heterogeneous nuclear ribonucleoprotein K HNRNPK  YEPQ GGSGYDYSYAGGR 4.39, 4.29 3.35
Phosphoribosylformylglycinamidine synthase PFAS VQVQ GDNTSDLDFGAVQR 4.94,4.16, 3.62 3.81
hetergeneous nuclear ribonucleoprotein M HNRNPM  IAKQ GGGGAGGSVPGIER 4.75 3.35
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Table 3.5 Common high confidence poliovirus 3C*"* and CVB3 2A"™ peptides identified by TAILS

A — . Log2 H/L Ratio | Log2 H/L Ratio
Protein Description Gene P4-P1 TAILS Peptide PV 3G CVB3 2Ar©
Beta-1,3-galactosyl-O-glycosyl-glycoprotein beta-1,6- GCNT7 KDAP GATPNAGWEGNVR 4.74 272.81
N-acetylglucosaminyltransferase 7
Coiled-coil domain-containing protein 94 CCDC94 QEED EQETAALLEEAR 0.56 1.21
Enoyl-CoA hydratase, mitochondrial ECHS1  WRPF ASGANFEYIIAEKR 0.64 1.21
Heat schock 70 kDa protein 1A/1B HSPA1B  VGVF QHGKVEIANDQGNR 0.43 1.95
LIM and SH3 domain protein 1 LASP1 PVAQ SYGGYKEPAAPVSIQR 1.22 1.16
Small acidic protein SMAP KINE ELESQYQQSMDSLKSGR 4.75 4.69

Table 3.6 Common high confidence poliovirus 3C"" and CVB3 3C"™ proteins identified by TAILS

Protein Description Gene Virus P4-P1 TAILS Peptide Log2 H/L Ratio
Heat schock protein beta-1 HSPB1 CVB3 ATAE GPAAVTLAAPAFSR 0.77
PV LATQ SNEITIPVTFESR 4.99

Table 3.7 Common high confidence poliovirus 3C" and CVB3 2A"™ proteins identified by TAILS

Protein Description Gene Proteinase | P4-P1 TAILS Peptide Log2 H/L Ratio
Annexin A5 ANXA5 2A KDAP GATPNAGWEGNVR 4.74
3C DKYM TISGFQIEETIDR 0.57
Tubulin alpha-1B chain TUBA1B 2A WRPF ASGANFEYIIAEKR 0.64
3C AVCM LSNTTAIAEAWAR 0.90
Fructose-bisphosphate aldolase A ALDOA 2A VPLA TNGETTTQGLDGLSER 1.17
3C AGTN GETTTQGLDGLSER 0.55
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Table 3.8 Common high confidence CVB3 3C"™ and CVB3 2A"" proteins identified by TAILS

Protein Description Gene Proteinase P4-P1 TAILS Peptide Log2 H/L Ratio
Actin, cytoplasmic 1 ACTB 2A LTER GYSFTTTAER 13.44
2A LSGG TTMYPGIADR 1.29
3c MVGM GQKDSYVGDEAQSKR 1.84
3C ELPD GQVITGNER 1.60
3C PRHQ GVMVGMGQKDSYVGDEAQKSR 282-136% 321 3
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Figure 3.5 Consensus cleavage site analysis of 3C"™ and 2A""™ high confidence substrate peptides. Sequence

logos of the four amino acids positioned directly upstream (P1 — P4) and downstream (P1° — P4”) of the TAILS-

identified peptides for (A) poliovirus 3C°, (B) CVB3 3C", and (C) CVB3 2AP. The consensus sequence derived

from known polyprotein cleavage sites is depicted below, where X denotes any amino acid.
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3.2.3 Validation of candidate substrates in vitro

To confirm whether TAILS-identified candidate substrates are bona fide targets of
enterovirus proteinases, I performed a series of in vitro experiments using select high confidence
candidate substrates of poliovirus 3C"°. The candidate substrates selected for validation were
chosen based on a high H/L ratio, and whether the predicted cleavage site occurred between
glutamine-glycine residues or the associated protein had previously characterized functions that
may be relevant during virus infection. First, I monitored select candidate substrates by
immunoblotting following an in vitro cleavage assay. Addition of recombinant poliovirus wild-
type but not mutant 3C™* in HeLa lysates resulted in cleavage of candidate substrates PFAS,
hnRNP K, programmed cell death 6-interacting protein (ALIX), ATP-citrate synthase (ACLY),
receptor-interacting serine/threonine-protein kinase 1 (RIPK1), and hnRNP M (Figure 3.6).
Cleavage fragments of PFAS, hnRNP K, hnRNP M and ALIX were detected by immunoblotting
consistent with the cleavage sites predicted by TAILS (Figure 3.6). For example, the TAILS-
generated peptide of hnRNP K predicts cleavage between **Q|G*® to produce N- and C-

terminal protein fragments of MW ~40.4 and 11.0 kDa, respectively.
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Figure 3.6 Validation of TAILS high confidence substrates by in vitro cleavage assay. Left- HeLa cell lysates

pro

were incubated with purified wild-type or mutant (C147A) poliovirus 3C” (100 ng/ul). Proteins were loaded on an
SDS-PAGE and cleavage was assessed by immunobloting. Right: Schematics of corresponding high confidence
candidate substrates, indicating key domains, the position of TAILS-predicted cleavage sites and the four amino
acids position directly upstream (P1-P4) and downstream (P1°-P4°) of the cleavage site. The predicted molecular

weights of the cleavage protein fragments are shown below. cp, cleavage product; N, N-terminal cleavage product;

TUB, tubulin.
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Immunoblotting using the hnRNP K antibody detected an N-terminal cleavage fragment of ~40
kDa. The general vesicular transport factor p115 (USO1) antibody did not detect any cleavage
products, but showed a loss of full-length protein in lysates incubated with wild-type 3C"°. In
contrast, immunoblotting of ACLY and RIPK1 detected cleavage fragments that were
inconsistent with the TAILS-predicted cleavage site, which suggests an alternative cleavage site
or 3C"-mediated cleavage at multiple sites. In summary, these results strongly suggest that the
candidate substrates identified by TAILS are targets of poliovirus 3C™.

To confirm the cleavage site identified by TAILS, I generated mutant candidate proteins
that contain mutations at the P1 and P1" positions. I subcloned the wild-type or mutant genes into
a cytomegalovirus promoter (CMV)-driven mammalian expression vector fused in frame with a
3xFLAG and 3xHA tag at the N- and C-termini, respectively (Figure 3.7A). Cell lysates from
HeLa cells expressing either wild-type or mutant FLAG-HA constructs were subjected to the in
vitro cleavage assay using wild-type or mutant poliovirus 3C"°. Incubation with poliovirus wild-
type but not catalytically inactive 3C"™ resulted in cleavage of the FLAG-HA-tagged ALIX,
hnRNP K, ACLY, PFAS, and hnRNP M (Figure 3.7B). In contrast, mutated versions of these
proteins were resistant to cleavage by poliovirus 3C*™ (Figure 3.7B). The FLAG antibody
detected two cleavage products of FLAG-ACLY-HA, at ~63 kDa and ~90 kDa (Figure 3.7B).
The larger ~90 kDa cleavage product was not generated from the Q777E/A778P FLAG-ACLY-
HA mutant, suggesting that poliovirus 3C™™ cleaves ACLY at two sites, one at /' 'Q|A”’®, which
is the predicted cleavage site from TAILS, and at an additional site that remains to be
determined. Mutations at the TAILS-identified cleavage site for FLAG-RIPK1-HA failed to
block cleavage, generating a single cleavage product of the same molecular weight as the wild-

type version, which suggests that RIPK1 is cleaved at a different site or at multiple sites either
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Figure 3.7 Validation of TAILS-predicted cleavage site by in vitro cleavage assay. (A) Schematic of
cytomegolavirus (CMV) promoter-driven mammalian expression construct containing 3XxFLAG and 3xHA fused in
frame with the full-length candidate substrate. (B) Lysates from cells expressing the FLAG-HA-tagged wild-type or
mutant candidate substrate were incubated with wild-type or mutant poliovirus 3C*° and immuoblotted for FLAG or

PABP. N, N-terminal cleavage product.
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directly or indirectly by 3C"™. Cleavage of the known poliovirus 3C""* PABP was detected in

P indicating that 3C"™ was active in samples

both samples incubated with wild-type 3C
expressing the FLAG-HA mutant constructs. In summary, these results strongly indicate that

most of the candidate substrates are bona fide targets of 3C"™ and that TAILS can predict their

cleavage sites.

3.3 Discussion

Proteolytic cleavage of host substrates by enteroviral proteinases has been established as
a key component of a successful virus infection (2, 252, 253). Several host proteins have already
been identified as enterovirus 3C* and 2A™ substrates that are targeted for cleavage during
infection; however, the complete repertoire of their host protein targets still remains elusive. In
this study, we applied TAILS using enterovirus 3C" and 2A"™ to enrich for N-termini peptides
and identify novel candidate substrates using quantitative mass spectrometry. This is the first
time that TAILS has been used to identify protein targets of a viral proteinase. We have
established an in vitro cleavage assay using cell lysates to apply TAILS as we have successfully
validated 3C""°-mediated cleavage of seven novel substrates identified by TAILS.

We identified a total of 72, 63 and 34 candidate substrates for poliovirus 3C™°, CVB3
2AP®and CVB3 3CP™, respectively (Figure 3.3). A peptide corresponding to a known 3C"™
cleavage site for PTB was enriched in our HeLa cell lysates incubated with poliovirus 3C™,
validating TAILS as a means for identifying substrates of viral proteinases (Table 3.1). Indeed,
this is only one of many known host substrates of poliovirus 3C™°, and no known substrates for
CVB3 3C" in HL-1 cells or CVB3 2A"™ in HeLa cells were identified. While TAILS does

provide a more comprehensive proteome analysis compared to conventional approaches for
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identification of substrates, there are limitations in its ability to cover the entire N-terminal
proteome. Protein N-termini may be subjected to post-translational modifications such as
acetylation or cyclization, which render them insensitive to dimethylation labeling, and thus
would not be detected using TAILS. Moreover, mass spectrometry-based identification of
peptides must be of suitable length and be sufficiently ionizable, thus not all 2AP- or 3CP*-
derived peptides may be suitable for detection. Indeed, predicted trypsin-digested peptides
generated from known 3C™° substrates such as G3BP1, PABP, and AUF]1 are either too short or
too long for efficient ionization and fragmentation to be confidently detected by mass
spectrometry (data not shown) (97, 108, 226). Nonetheless, TAILS provides greater proteome
wide detection of protease substrates in an unbiased fashion compared to conventional
approaches utilized to identify novel substrates of viral proteinases.

Our three-prong TAILS approach to identify candidate substrates of enterovirus
proteinases was chosen to inventory common and distinct cleavage specificities. TAILS is a
unique mass spectrometry-based approach for identification of protease substrates as it identifies
substrates at its cleavage site, providing further insight into the protease active site specificity.
Cleavage site analysis of the 3C™ and 2A™ TAILS-identified cleavage sites of the high
confidence candidate substrates deviated from the consensus 3C* and 2AP"™ sites derived from
mutagenesis analysis of known cleavage sites within the viral polyprotein (Figure 3.5). Although
many of these substrate cleavage sites still need to be verified, these results suggest that 3C*™*
and 2AP™ are capable of accepting a wider range of amino acids within its active site, allowing
for cleavage of a broader range of substrates. Interestingly, we identified three identical peptides
between 3C" and 2AP high confidence substrates (Table 3.4). Examples of known host

proteins that serve as substrates for both 3C™ and 2AP™ have been previously described;
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however, a single cleavage site targeted by both proteases within a common substrates has yet to
be identified (92, 161, 187, 200, 201).

Similar findings were observed following cleavage site analysis of CVB3 3C"™ high
confidence peptides in comparison to poliovirus 3C°, suggesting that both viral proteinases
possess a similar substrate specificity and may hijack similar cellular pathways through
proteolytic cleavage to facilitate infection (Figure 3.5A and 3.5B). Indeed, we have identified
common peptides from three proteins among CVB3 and poliovirus 3C"™ high confidence
substrates, whereby the TAILS-identified cleavage site occurred between glutamine and glycine
residues (Table 3.4). Several known host protein substrates have already been identified as
common targets of both poliovirus and CVB3 3C"™ (251); however, it is unclear to what extent
all known host protein substrates are commonly cleaved substrates among all enteroviruses, and
to what extent substrate specificity is retained among all common substrates. We identified one
common protein between poliovirus 3C™° and CVB3 3C"™ by two different peptides, suggesting
possible deviations in substrate specificity between poliovirus and CVB3 3C"™ (Table 3.6). The
complete degradome of host proteins targeted by enteroviral proteinases is also not always
consistent among different cell types. For example, cleavage of PCBP2 and PTB has been
characterized as key regulators of the switch between translation and replication during
poliovirus infection in HeLa cells, and is also cleaved in CVB3-infected HeLa cells (124). In
contrast, neither PTB nor PCBP2 is cleaved in HRV16/14-infected human lung fibroblast cells,
suggesting that HRV16/14 utilizes a different mechanism to regulate the translation-replication

switch in lung cells compared to HeLa cells.
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Chapter 4: Characterizing the Functions of Novel 3C"" Substrates during

Picornavirus Infection

4.1 Background

In the previous chapter, we applied TAILS to identify novel substrates of enterovirus
proteinases from poliovirus and CVB3 (Chapter 3). From the list of high confidence candidate
substrates, I validated seven candidate substrates as novel targets of poliovirus 3C" cleaved in
vitro from HeLa cell extracts (Figure 3.6). The challenge now is to examine whether these in

pro

vitro targets of 3C”" are also targeted for cleavage during virus infection, and whether these
substrates are physiologically important. Moreover, confirming cleavage of these substrates
during infection will validate whether an in vitro assay for TAILS can be applied to reveal
substrates of viral proteinases that are targeted for cleavage during virus infection.
Characterizing these cleavage events during virus infection, as well as assessing the functional
significance of cleavage, will provide initial insights into the roles these host proteins may play
during infection. Furthermore, it may elucidate new mechanisms for how picornavirus infection
may contribute to disease pathogenesis.

In this chapter, I continue to address Aims 2 and 3 for six of the poliovirus 3C™°
substrates that I validated in vitro: hnRNP K, PFAS, ALIX, ACLY, RIPK1, and USO1. Based on
previously characterized functions of these proteins, they may potentially serve important roles
during virus infection. For example, hnRNP K is a member of the heterogenous nuclear
ribonucleoprotein family of RNA binding proteins, which include many other hnRNP proteins

that have previously been shown to function in various aspects of the viral life cycle (107, 108,

125). Moreover, hnRNP K has already been established as a binding factor for the EV71 5’UTR
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to facilitate viral replication, and undergoes a nuclear-cytoplasmic relocalization during
poliovirus infection and binds to poliovirus genomic RNA (29, 111, 255). Also, USOI primarily
functions in Golgi body vesicle transport, a cellular process known to be disrupted during
poliovirus infection (257, 256). I validated these six candidate substrates further by
demonstrating cleavage of these substrates in poliovirus- and CVB3-infected cells. Furthermore,
the mutated candidate substrates resistant to cleavage in vitro were also resistant during
infection, and cleavage at these TAILS-identified sites were not a result of caspase activity.
siRNA-mediated depletion studies reveal functional significance of these substrates in promoting
enterovirus infection. Over-expression of cleavage-resistant forms of hnRNP K and USO1
resulted in an increase and decrease in viral titres, respectively, suggesting that the cleavage of
these proteins is functionally important for infection. Cleavage of hnRNP K promotes IRES-
driven translation, thus demonstrating a viral strategy used to hijack a nuclear RNA binding
protein to direct virus infection. USO1 facilitates poliovirus infection as loss of USOI attenuated
viral protein synthesis. Furthermore, USO1 underwent subcellular relocalization and subsequent
degradation during infection. In summary, the use of TAILS has provided further insights into
the substrate specificity during virus infection, and of the network of cellular processes that

modulate virus infection.

4.2 Results
4.2.1 TAILS- generated 3C"" candidate substrates are cleaved during virus infection

In chapter 3, I identified a list of high confidence host substrates of poliovirus and CVB3
3CP™ in vitro using TAILS. To examine whether the cleavage of these substrates occur during

virus infection, HeLa cells were either mock- or poliovirus-infected, harvested at different times
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after infection, followed by immunoblotting (Figure 4.1A). At an MOI of 10, VP1 expression
increased during the course of poliovirus infection. Moreover, cleavage of G3BP1, a known
substrate of 3CP"°, was observed starting at 3 hours post infection (h.p.i.), producing the expected
cleavage product (226). Similarly, cleavage fragments of ALIX, ACLY, hnRNP K, RIPK1 and
PFAS were detected as early at 3 or 5 h.p.i. (Figure 4.1A). Unlike the decrease in full-length
G3BP1 during infection, there was not a detectable decrease in full-length proteins, ALIX,
ACLY, hnRNP K, RIPK1 and PFAS. The one exception is USOI as its full-length version
decreased dramatically and was barely detected at 7 h.p.i.. No cleavage fragments of USOI
were detected by this antibody, similar to that observed in vitro (Figure 3.6). Immunoblotting for
RIPK1 detected a smaller protein fragment in infected cells compared to that in vitro, consistent
with the idea that RIPK1 may have multiple cleavage sites (Figure 3.6 and 3.7B). I also assessed
whether any of these candidate substrates were also cleaved in CVB3-infected HL-1
cardiomyocytes. By immunoblotting, I found that RIPK1 and hnRNP K are also cleaved in
CVB3-infected HL-1 cells at 12 h.p.i. (Figure 4.1B). These results confirmed that a subset of
TAILS-generated candidate targets are cleaved in both poliovirus-infected HeLa cells and
CVB3-infected HL-1 cells.

P cleavage

I next assessed whether the mutant candidate substrates that are resistant to 3C
in vitro (Figure 3.7B) were also resistant to cleavage during virus infection. HeLa cells were
transfected with either wild-type or mutant FLAG-HA expression constructs followed by
poliovirus infection. The FLAG antibody detected stable cleavage fragments of ALIX and
hnRNP K during infection, similar to that observed in vitro, which suggests that ALIX, PFAS

and hnRNP K are only targeted by 3C*™ (Figure 4.1C). In contrast, several cleavage fragments of

FLAG-ACLY were detected that were not observed in the in vitro cleavage assay, suggesting
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Figure 4.1 Cleavage of candidate substrates during virus infection. (A) HeLa cells were mock or poliovirus-
infected (MOI 10) for the indicated times. (B) HL-1 cells were mock or CVB3-infected (MOI 50) for 12 hours.
Candidate substrate, viral structural protein VP1, and a-tubulin were assessed by immunoblotting. (C) HeLa cells
transfected with wild-type or mutant FLAG-HA constructs of candidate substrates were mock or poliovirus-infected
(MOI 10) for 7 hours. Lysates were immunobloted with FLAG. h.p.i., hours post infection. cp, cleavage product; N,

N-terminal cleavage product.
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Figure 4.2 Cleavage of candidate substrates in poliovirus-infected HeLa cells in the presence of zZVAD-FMK.

HeLa cells were infected with poliovirus at an MOI of 10 in the presence or absence of 50 uM zVAD-FMK in

poliovirus-infected cells. HeLa cells were infected with poliovirus at an MOI of 10 in the presence or absence of 50

uM zVAD-FMK (7 h.p.i.). Candidate proteins, poliovirus structural protein VP1, PARP and a-tubulin were assessed

by immunoblotting.
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that this protein is cleaved at multiple sites, by a cellular protease or 2A”" during infection. The
wild-type FLAG-USO1-HA decreased in expression during infection, similar to that observed
using the USO1 antibody; however, here we were able to detect a faint ~100 kDa band,
suggesting that the N-terminal cleavage product of USO1 is partially stable during infection.
Interestingly, mutant ACLY, PFAS, hnRNP K, and ALIX that are resistant to 3C** cleavage in
vitro (Figure 3.7) were also resistant to cleavage during infection, as well as the mutant USO1
(Figure 4.1C). Thus, this data demonstrates that these TAILS-generated proteins are targets of
3C"™-mediated cleavage during virus infection and further confirming that cleavage sites are
identified.

To further assess whether the candidate substrates are direct targets of 3C°, I subjected
infected cells with zZVAD-FMK, an inhibitor of pan-caspases, which can be activated during
enterovirus infection (170, 171). As shown previously, caspases are activated during enterovirus
infections and poly-ADP ribose polymerase (PARP) is cleaved in poliovirus-infected cells
(170, 254). PARP cleavage was prevented by z-VAD treatment in poliovirus-infected cells
(Figure 4.2). In all other cases, cleavage fragments of the candidate proteins at the TAILS-
identified cleavage site were still detected in poliovirus-infected cells treated with zZVAD-FMK
(Figure 4.2), thus ruling out that cleavage occurs via caspases. Interestingly, a second cleavage
product of approximately 90 kDa was observed for ACLY, in addition to the previously
observed 65 kDa cleavage product. The 90 kDa cleavage product is of similar size to the TAILS-
predicted cleavage product and was not previously observed in the previous experiment shown in
Figure 4.1A. Cleavage of the FLAG-ACYL-HA during poliovirus infection revealed multiple N-
terminal cleavage products, demonstrating that ACLY may be targeted for cleavage at multiple

sites (Figure 4.1C). In addition, this data suggests that cleavage at these multiple sites may not
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always occur consistently. Interestingly, while detection of this second cleavage product was still
not observed in the presence of zZVAD-FMK, the ~90 kDa cleavage product was not. This would

suggest that cleavage at the TAILS-identified cleavage site may be caspase-dependent.

4.2.2 Depletion of 3C*"-targeted candidate substrates affect virus infection

I next explored the biological significance of the candidate substrates during virus
infection using an siRNA knockdown approach. Following knockdown of each candidate
substrate, the viral yields were measured by plaque assay following poliovirus infection for 7
hours at an MOI of 0.1 (Figure 4.3). Transfection of HeLa cells with substrate specific siRNAs
for 24-72 hours led to >90% knockdown of each protein as compared to cells transfected with
scrambled siRNAs. Knockdown of hnRNP K, USO1 and RIPK1 led to a 7-,5- and 3-fold
decrease in extracellular viral yield, respectively. Similarly, knockdown of hnRNP K and USO1
resulted in a 2- and 5-fold decrease in intracellular viral yield, respectively, indicating a
prominent role of these proteins in promoting virus infection. Intracellular viral yields for RIPK1
remained unchanged, indicating a possible role for RIPK1 in viral release. In contrast,
knockdown of PFAS resulted in a 4- and 2-fold increase in extracellular and intracellular virus
production, respectively suggesting that PFAS may be antiviral. Viral yields following either
ALIX or ACLY knockdown resulted in a slight increase and decrease, respectively, in
extracellular and intracellular viral titres but with no statistically significant difference. This
would indicate that ALIX and ACLY play nonessential roles during infection. In summary, the

pro

in vitro TAILS approach has revealed novel 3C"" substrates that can affect poliovirus infection.
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Figure 4.3 Candidate substrates identified by TAILS modulate poliovirus infection. HeLa cells were
transfected with either scrambled (siSCX) or candidate specific siRNA for 24-72 hours, followed by poliovirus

infection (MOI 0.1) for 7 hours. Extracellular and intracellular virus was titred by plaque assay and titres were
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difference, p<0.05.
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4.2.3 Expression of mutated cleavage-resistant hnRNP K and USOL1 affect poliovirus
infection

Loss of hnRNP K and USO1 by siRNA knockdown resulted in significant decreases in
viral titres, suggesting that both proteins play a facilitative role during poliovirus infection. To
determine whether cleavage is important for their putative roles during virus infection, I next
measured viral titres by plaque assay following poliovirus infection of HeLa cells over-
expressing either a wild-type or a cleavage-resistant form of USO1 or hnRNP K (Figure 4.4).
HeLa cells were transfected with wild-type or Q364E/G365P mutant FLAG-hnRNP K-HA
constructs for 48 hours, followed by poliovirus infection at MOI 1 for 7 hours (Figure 4.4A).
Over-expression of the FLAG-hnRNP K-HA Q364E/G365P mutant led to a slight but not
statistically significant 1.5-fold increase in viral titres, suggesting that full-length hnRNP K
supports virus infection but not significantly.

The slight difference in viral titres observed for FLAG-hnRNP K-HA may be due to the
low expression levels of FLAG-hnRNP K-HA relative to endogenous levels (Figure 4.4A). To
increase abundance of recombinant protein relative to the endogenous protein, I subjected HeLa
cells over-expressing either an N-terminal GFP-tagged wild-type or cleavage-resistant USO1 to
FACS analysis prior to infection (Figure 4.4B). Over-expression of the GFP-USO1
Q832E/G833P mutant led to a consistent decrease in viral titres compared to wild-type GFP-
USOI, with an approximate 4 fold decrease observed at 20 h.p.i. This would suggest that
cleavage of USO1 is important for infection, and implicates a possible role for its cleavage
products during infection. Altogether, this data demonstrates that expression of a cleavage-
resistant form can affect virus production, and that cleavage may play a role in regulating the

functions of hnRNP K and USO1 during virus infection.
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Figure 4.4 Over-expression of cleavage-resistant mutants modulate virus infection. (A) Expression of wild-type

and cleavage resistant forms of FLAG-hnRNP K-HA (top) and extracellular viral titres following poliovirus

infection at MOI 1 for 7 hours in HeLa cells transfected with wild-type or mutant FLAG-hnRNP K-HA (bottom).

(B) Expression of wild-type and cleavage resistant forms of GFP-USO1 (7op) and intracellular viral titres following

poliovirus infection at MOI 1 at 8, 12, 16, and 20 h.p.i. in FACS-sorted HeLa cells transfected with wild-type or

mutant GFP-USO1 (botton). Titres were measured by plaque assay and calculated as plaque forming units (p.f.u/ml

+ s.d., ¥*p<0.05) from three independent experiments. ND, no statistical difference, p<0.05.
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4.2.4 Role of hnRNP K in poliovirus IRES translation

hnRNP M, hnRNP K and PFAS are common substrates of poliovirus and CVB3 3C"™,
suggesting that they may be strategic cleavage targets that facilitate enterovirus infection. I
previously showed that hnRNP M is important for poliovirus infection and that one of its
cleavage products may facilitate viral replication (251). hnRNP K has been shown to bind to the
5'UTR of EV71, a related picornavirus (111). Furthermore, hnRNP K has been identified as a
putative binding protein for the poliovirus RNA genome (255). To examine more closely
whether hnRNP K has a role in poliovirus translation, I monitored poliovirus IRES translation
directly by using an IRES-containing reporter construct. The bicistronic reporter construct
contains the poliovirus IRES within the intergenic region between the Renilla and firefly
luciferase genes, which monitor cap-dependent and poliovirus IRES-mediated translation,
respectively (Figure 4.5). Because hnRNP K redistributes to the cytoplasm during poliovirus
infection (29), I monitored poliovirus IRES translation by transfecting the IRES-containing
reporter construct into HeLa cells followed by poliovirus infection. Briefly, cells treated with
scrambled or hnRNP K siRNAs for 48 h were transfected with the bicistronic construct for 1 h,
followed by mock or poliovirus infection. Cells were then harvested 5 h.p.i., and the luciferase
activities were measured.

In mock-infected cells, hnRNP siRNA treatment decreased Renilla luciferase activity by
~ 25% compared to scrambled siRNA treatment, indicating that depletion of hnRNP K had a
moderate effect on cap-dependent translation using this transfection reporter approach (Figure
4.5). Similarly, firefly luciferase activity was detected at ~50% in hnRNP K siRNA transfected
cells compared to scrambled siRNA cells, suggesting that hnRNP K promotes IRES translation.

In poliovirus-infected cells, Renilla luciferase activity was inhibited more than that in mock-
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Figure 4.5 Role of hnRNP K in poliovirus IRES translation. (A) A schematic of the bicistronic reporter construct
containing the poliovirus IRES within the intergenic region is shown above. Cap-dependent Renilla and IRES-
mediated firefly luciferase activities of the PV IRES bicistronic reporter construction assessed by measuring
luminescence production. Relative luminescence was calculated as a mean + s.d. of three independent experiments.
*p<0.001. (B) HeLa cells were transfected with either scrambled (siSCX) or hnRNP K (sihnRNP K) siRNAs for 48
hours, followed by poliovirus infection (MOI 1) for the indicated times. Immunoblots of hnRNP K, poliovirus
structural protein VP1 and a-tubulin are shown. A representative gel is shown from two independent experiments.
(C) Pulse-labeling using [S**]-methionine/cysteine at the indicated times after poliovirus infection (MOI 1) in cells
treated with siSCX or sihnRNP K for 48 hours prior to infection. A representative gel is shown from three

independent experiments.
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infected cells, ~50% in hnRNP K siRNA treatment compared to scrambled treatment, which is a
reflection of shutoff of host translation during infection (Figure 4.5). In contrast, firefly
luciferase activity was dramatically decreased (~10 fold less) in poliovirus-infected cells under
hnRNP K siRNA treatment. Together, these results demonstrate that hnRNP K promotes
poliovirus IRES translation.

Given that loss of hnRNP K decreases poliovirus IRES activity, I assessed whether loss
of hnRNP K affects viral protein production by immunoblot analysis (Figure 4.5A). Scrambled
or hnRNP K siRNA-treated HeLa cells were infected with poliovirus at an MOI 1, and synthesis
of the viral structural protein VP1 was monitored over time by immunobloting. As previously
observed, hnRNP K siRNA treated cells resulted in a significant loss of full-length hnRNP K.
Interestingly, no significant difference was observed between VP1 levels in scrambled-treated
cells in comparison to hnRNP K siRNA-treated cells. Similar results were observed in poliovirus
infected cells (MOI 1) pre-treated with hnRNP K siRNAs that were pulse-labeled with [S*°]-
methionine/cysteine for 30 minutes prior to harvesting at the times indicated (Figure 4.5B).
Similar to hnRNP M, loss of hnRNP K did not significantly affect overall protein synthesis as
compared to scrambled siRNA-treated cells during mock infection. No difference in synthesis of
viral proteins P1, VPO, VP3, VP1 and 2BC was observed between scrambled and hnRNP K-
siRNA treated cells, which is consistent with the result observed in Figure 4.5B. Thus, while
hnRNP K does alter poliovirus IRES activity, it does not significantly affect viral protein

synthesis.
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Figure 4.6 USO1 facilitates viral protein synthesis and relocalizes during poliovirus infection. (A) HeLa cells

were transfected with either scrambled (siSCX) or USOI1 (siUSO1) siRNAs for 48 hours, followed by poliovirus
infection (MOI 1) for the indicated times. Immunoblots of USOI1, poliovirus structural protein VP1 and a-tubulin
are shown. A representative gel is shown from three independent experiments. (B) HeLa cells were mock- or PV-
infected (MOI 10) for the indicated times (left). Cells were permeabilized, fixed and co-stained for USO1 (green)
and DNA (Hoescht). An image of HeLa cells stained for viral RNA using an anti-dsRNA antibody at 5 h.p.i. is
shown to demonstrate the efficiency of infection at an MOI of 10 (right). Representative confocal images are shown

from at least three independent experiments.
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4.2.5 Subcellular rearrangement of USO1 during poliovirus infections

USOL1 is a Golgi-associated protein that functions in vesicle transport from and within the
Golgi body, as well as functions in Golgi biogenesis (256, 257). I have previously demonstrated
that USOL is cleaved to near completion during poliovirus infection (Figure 4.1) and that loss of
USOI1 by siRNA knockdown results in a decrease in viral production (Figure 4.3), while over-
expression of a cleavage resistant form increases viral titres (Figure 4.4). This data suggests that
the full-length USO1 plays a facilitative role during poliovirus infection. To support this data, I
next assessed whether loss of USO1 decreases viral protein production by immunoblot analysis
(Figure 4.6). Synthesis of VP1 was monitored over time throughout poliovirus infection in HeLa
cells pre-treated with either scrambled or USO1 siRNA. Loss of USO1 showed a delay in VP1
synthesis, most noticeably at 5 h.p.i. This demonstrates that loss of USO1 attenuates viral protein
accumulation, and further supports our hypothesis that USO1 facilitates poliovirus infection.

To further characterize USO1 during poliovirus infection, I next assessed whether its
subcellular localization as a Golgi-associated protein changes during poliovirus infection by
immunofluorescence (Figure 4.6B). In mock-infected cells, USO1 was predominantly localized
in a single cluster adjacent to the nucleus, similar to the subcellular localization of known Golgi-
associated proteins GM 130 and Goglin-97 (258, 259). Upon infection, USO1 disperses into the
cytoplasm, beginning at 3 h.p.i. to near complete dissociation at 5 h.p.i. At 7 h.p.i., detection of
USOL is decreased, which correlates with the significant loss in full-length USO1 I observed at 7
h.p.i. by immunobloting (Figure 4.1). Thus, this data demonstrates that USOI is displaced from

its subcellular location and subsequently becomes undetectable during poliovirus infection.
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4.2.6 Role for ALIX in autophagy during poliovirus infection

The most well characterized role for ALIX is within the endosomal sorting complexes
required for transport (ESRCRT) for the formation of multivesicular bodies for intracellular or
extracellular transport; however, recent studies have implicated a role for ALIX in basal
autophagy (283, 284). Infection of many picornaviruses leads to the induction of autophagic
signals, with the generation of autophagosome-like vesicles late during infection that are visable
by electron microscopy (260). These autophagosome-like vesicles have recently been implicated
in the vesicle release of a subpopulation of enteroviruses and in the maturation of poliovirus
particles into infectious virus (287-9). To explore whether ALIX may function in autophagy
during poliovirus infection, I monitored p62 degradation during poliovirus infection following
siRNA knockdown of ALIX in HeLa cells (Figure 4.7). Degradation of p62 is a hallmark of
autophagic induction and is induced during poliovirus infection (284). Preliminary experiments
showed a significant decrease in p62 accumulation at 6 h.p.i.in HeLa cells pretreated with ALIX
siRNA compared to SCX control, suggesting that loss of ALIX may enhance autophagic
induction. Moreover, this role may not specific to poliovirus infection, as a loss in p62
accumulation was also observed in the mock infected samples (Figure 4.7). However, these
results could not be repeated, thus a role for ALIX in autophagy during poliovirus infection still

remains unclear.
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transfected with either scrambled (siSCX) or ALIX (siALIX) siRNAs for 48 hours, followed by poliovirus infection

(MOI 50) for the times indicated. Immunoblots of p62, VP1 and a-tubulin are shown.
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4.27 Role for PFAS in NFkB activation during poliovirus infection

Identical peptides representing PFAS were identified in both poliovirus and CVB3 3CP"
TAILS analyses, suggesting that cleavage of PFAS may facilitate a conserved function important
for enterovirus infection. PFAS is primarily known as a component of the purine synthesis
pathway; however, PFAS has recently been implicated the promotion of gamma herpesviral
infections through the inhibition of NFxB-mediated cytokine production (261). I have
demonstrated that loss of PFAS leads to a 4-fold increase in poliovirus, which would indicate a
possible antiviral role for PFAS during poliovirus infection. To further assess whether PFAS
may mediate its antiviral functions through NF«kB signalling, I monitored for changes in
expression of NFkB signalling proteins [kBa, a negative regulator of NFkB, and p65, a subunit
of the NF«B transcription factor complex (Figure 4.8). Upon activation, p65 becomes
phosphorylated to promote the formation of additional protein-protein interactions necessary for
its transcriptional activity. Preliminary experiments suggested that loss of PFAS during
poliovirus infection could modulate expression of IkBa and the phosphorylation of p65 (Figure
4.8). These alterations were also observed during mock-infected conditions, indicating that PFAS
function in NFkB activation may not be specific to virus infection. These results; however, could
not be repeated, and thus it remains unclear whether PFAS does mediate its antiviral properties

through NF«B signalling.
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Figure 4.8 Effects on NFkB signalling proteins following loss of PFAS during poliovirus infection. HeLa cells

were transfected with either scrambled (siSCX) or PFAS (siPFAS) siRNAs for 48 hours, followed by poliovirus

infection (MOI 10) for the times indicated. Immunoblots of PFAS, p65, phosphorylated p65 (p-p65), IkBa, VP1 and

Actin are shown.
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4.3 Discussion

Although an in vitro cleavage assay using cell lysates was used to perform TAILS, I have
now demonstrated that this approach can identify several bona fide substrates of 3C™™ that are
targeted for cleavage during virus infection. Importantly, I showed that knockdown of some of
these candidate proteins have an affect on viral titres, thus reflecting the power of the TAILS
approach in identifying substrates that are important for virus infection. I next aimed to address
why these host proteins are targeted for cleavage during infection.

Through validation of select candidate substrates PFAS, hnRNP K, hnRNP M and ALIX,
the cleavage products produced by in vitro cleavage assays and during virus infection were
similar, thus demonstrating 1) the power of TAILS to identify bona fide protein substrates using
an in vitro cleavage assay from lysates, 2) the substrates are likely mainly cleaved by the viral
3CP™ and 3) at least some of the cleavage products are stable enough throughout infection to be
detected by immunoblotting. In contrast, although showing cleavage by 3C", the cleavage
products of RIPK1 and ACLY were not of similar mass in vitro compared to during infection.
These results suggest that 3C*"° may cleave at multiple sites within the substrate, or by 2A™™ or
another cellular proteinase. Nevertheless, the in vitro cleavage assays indicate that cleavage of
these substrates is directed by 3C"™, again validating the TAILS approach.

I identified hnRNP K, PFAS and hnRNP M as common substrates of poliovirus and
CVB3 3C" among HeLa and HL-1 cardiomyocyte cells using TAILS, and I have shown
cleavage of hnRNP K and RIPK1 in poliovirus-infected HeLa cells and CVB3-infected
cardiomyocyte. These results support the idea that these proteins play key general roles in
enterovirus infection, and that TAILS can be utilized to reveal common substrates among similar

viruses.
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An outstanding question is why these host proteins are targeted for cleavage by 3C™. 1
have provided some insight into the possible roles of cleavage of candidate substrates in virus
infection. Many hnRNPs are targeted by enterovirus proteinases (103, 104, 120, 121, 128, 132).
Despite being a cytoplasmic virus, poliovirus infection can lead to redistribution of some
hnRNPs from the nucleus to cytoplasm, which then directly or indirectly contribute to virus
translation and replication. hnRNP K is an RNA-binding protein that interacts with stem loops I-
IT and IV of the 5> UTR of EV71 through its KH1, KH2 and proline-rich domains (111, 255). 1
now reveal that hnRNP K is cleaved during poliovirus infection and acts as a positive regulator
of poliovirus IRES translation (Figure 4.5A). Furthermore, over-expression of a cleavage-
resistant form of hnRNP K resulted in a slight increase in viral titres compared to wild-type,
suggesting that the full-length form may be required for its function. Thus, cleavage of hnRNP K
may regulate its ability to facilitate IRES activity, possibly by inhibiting IRES activity mediated
by the full-length protein, to promote the switch from viral translation to replication.

Surprisingly, loss of hnRNP K did not result in a similar loss in viral protein synthesis
(Figure 4.5B and 4.5C). Previous studies have reported discrepancies among ITAF requirements
for IRES activity across picornavirus species. For example, immunodepletion of PTB reduces
poliovirus and EMCV IRES activity in vitro; however, addition of recombinant PTB into
depleted extracts did not restore IRES activity (128). Furthermore, in vitro reconstitution of
translation initiation for poliovirus, EV71, and bovine enteroviruses IRES activity have shown
that PTB had minor stimulatory effects, whereas the presence of PCBP2 was essential (262).
Discrepancies among the functional importance of La on HAV IRES translation have also been
reported (263, 264). Thus, it is possible that in the context of poliovirus-infected HeLa cells,

hnRNP K may only enhance translation efficiency but is not essential for its activity.
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Examples of hnRNP K as both a positive and a negative regulator of cellular mRNA
translation have been described (265). One of the more well characterized examples of this is the
c-src-mediated phosphorylation of hnRNP K to inhibit translational repression of 15-
lipoxygenase mRNA, an enzyme required for erythroid cell differentiation, by disrupting hnRNP
K binding affinity for its 3’UTR (266-268). Functions for hnRNP K have also been implicated
in cell cycle regulation, transcription regulation, and apoptosis (269-272).Thus, it is also possible
that cleavage of hnRNP K may disrupt other cellular functions, and disruption of these alternate
functions may have varying effects on the viral life cycle.

It is important to note that these observations of hnRNP K-mediated IRES activity are
solely based on a bicistronic reporter construct. ITAF requirements for EMCV IRES activity
have been show to vary between IRES reporter constructs due to sequence variations (273).
Thus, it is important that these results be verified utilizing a different reporter construct with a
poliovirus 5’UTR that most closely mimics its most natural and complete sequence, such as a
poliovirus minigenome reporter construct that drives luciferase expression utilizing an authentic
poliovirus 5* and 3’UTR.

Enterovirus infection induces reorganization of cellular membranes, in part to facilitate
the assembly of replication organelles (274). Formation of replication organelles requires
recruitment of membrane components such as cholesterol and phosphatidylinositol-4 phosphate
from the Golgi body and plasma membrane, as well as enhance synthesis of phosphatidylcholine
(275). ACLY functions as the primary enzyme responsible for synthesis of acetyl CoA, which is
a precursor for de novo lipid synthesis (276). Thus, cleavage of ACLY may facilitate the

hijacking of lipid synthesis pathways to promote formation of replication organelles. However,
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its role may be minor as no significant difference in viral titres was observed during poliovirus
infection following siRNA-mediated knockdown of ACLY.

Similarly, poliovirus may hijack USO1 function to support formation of replication
complexes, as USO1 primarily functions in COPII vesicle transport to the Golgi (256, 277).
Previous studies have shown that COPII vesicle budding is increased during poliovirus infection,
and that COPII complex proteins associated with the viral protein 2B, which is capable of
inducing membrane remodeling when expressed alone in its precursor form as 2BC (278-280).
USOI may also mediate its functions in poliovirus infection through its ability to associate with
the COPI protein subunit COP during Gogli body biogenesis (281). More recently, COPI-
associated proteins have been shown to colocalize more closely with poliovirus replication
complexes compared to COPII proteins, suggesting that COPI complex proteins are more likely
to be the source of poliovirus replication complex components (282). I have demonstrated that
USOL1 plays a facilitative role during poliovirus as loss of USO1 decreases viral titres and
reduces viral protein accumulation (Figure 4.3 and 4.6A). Moreover, I also demonstrate that
USO1 becomes dispersed within the cytoplasm throughout infection (Figure 4.6B). Given that
the USOI1 detected by immunofluorence was done utilizing the same antibody that only detected
the full-length USO1 by immunoblot, the USO1 observed within the cytoplasm at 3, 5 and 7
h.p.i. is the full-length form. At 7 h.p.i, full-length USO1 becomes undetectable by immunoblot
and immunofluorescence, which may indicate that USOI1 is cleaved to near-completion during
poliovirus infection. I hypothesis that USO1 function in its full-length form is subverted into the
cytoplasm during virus infection to support viral replication, possibly through facilitating the
formation viral replication complexes. The decrease in viral titres I observed following over-

expression of a cleavage resistant form would indeed support this hypothesis (Figure 4.4B).
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ALIX has been extensively studied for its role in assembly of the ESCRT complex (283).
More recently, ALIX has been identified as a binding partner for ATG proteins to promote basal
autophagy (284). During virus infection, ALIX function has been predominantly associated with
the budding release of enveloped viruses, including HIV and HAV (34, 285, 286). While
enteroviruses are considered non-enveloped viruses, a sub population of poliovirus and CVB3
virions have recently been shown to exit the cells in autophagosome-like vesicles prior to cell
lysis (287-289). Furthermore, poliovirus induces autophagy, to promote maturation of capsid
particles and generate infectious virus particles (290). Thus, ALIX may be acting to promote
autophagy during infection, to possibly support the formation of these autophagosome-like
vesicles for viral maturation or viral release. Preliminary results suggested that ALIX may inhibit
autophagic induction, as noted by an increase in p62 degradation; however, these results could
not be repeated (Figure 4.7). Additional experiments can be utilized to assess autophagic activity
following loss of ALIX under poliovirus infection, including the post-translational modification
of autophagic protein LC3-I into LC3-II and the localization of LAMP-1 and LC3-II to
autophagosomic vesicles upon autophagic induction (290, (291).

Enteroviruses utilize proteolytic cleavage to block host antiviral responses (100, 101,
186, 191-196, 203). Cleavage of pathogen recognition receptors, as well as their downstream
signalling component, is capable of inhibiting induction of type I interferon responses. RIPK1, a
serine/threonine kinase that regulates processes of apoptosis, necrosis, cell survival and innate
immune signalling, has recently been characterized as a promoter of pro-inflammatory cytokines
(292). NLRP3, a major inflammasome promoter, is cleaved by 2A"* and 3C" during EV71
infection, resulting in inhibition of inflammasome activation and a reduction in IL-1 production

(196). A similar mechanism of inflammasome inhibition may be occurring in other
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enteroviruses, including poliovirus and CVB3. In our studies, I showed that RIPK1 is cleaved
during poliovirus infection; however, the cleavage site remains to be determined. Inflammasome
inhibition may enhance activation of apoptosis, which has been shown to support coxsackievirus
infection (168-169).

Interestingly, the amidotransferase activity of PFAS has recently been shown to promote
gamma herpesviral infection by usurping PFAS enzymatic activity to deaminate RIG-I, a
pathogen recognition receptor, which ultimately leads to inhibition of antiviral NFkB-dependent
cytokine production (293). Cleavage of PFAS during enterovirus infection (this study) could
modulate PFAS enzymatic function for similar antiviral purposes. Preliminary experiments
suggested that loss of PFAS during poliovirus infection could modulate expression of [kBa and
the phosphorylation of p65; however, these results could not be repeated (Figure 4.8). Thus it
remains unclear how PFAS may mediate its antiviral properties during poliovirus infection

through NF«xB, or other antiviral signalling pathways.
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Chapter 5: Heterogeneous Nuclear Ribonucleoprotein M Facilitates

Enterovirus Infection

5.1 Background

hnRNPs are a family of nucleo-cytoplasmic shuttling RNA-binding proteins that were
originally identified based on their association with pre-mRNAs (294). There are approximately
20 hnRNPs, named hnRNP A to U, that all contain at least one RNA-binding domain, either an
RNA recognition motif (RRM) or an hnRNP K-homologues (KH) domain. Most hnRNPs are
primarily involved in pre-mRNA splicing but they also aid in diverse aspects of RNA
metabolism, including translational control, telomere biogenesis, mRNA stability and trafficking
(294, 295). hnRNP activity also contributes to different steps of the picornavirus life cycle. For
example, hnRNPs A1, I (more commonly known as the PTB) and K interact with the 5’UTR
IRES of several picornaviruses to facilitate viral translation and replication (107, 111, 296).
Moreover, viral proteinases target a subset of hnRNPs to regulate specific steps of virus
infection. PCBP2, also known as hnRNP E2, binds to the poliovirus IRES to facilitate translation
initiation; however, at late times of infection, cleavage of PCBP2 by 3C™™ modifies its
association with the 5 UTR to inhibit viral translation and thereby switches to viral replication
(125, 297). Thus, poliovirus has evolved a strategy to regulate PCBP2 function via cleavage by
3C"™ in order to temporally regulate viral translation and replication. Not all hnRNPs are pro-
viral, as some hnRNPs have anti-viral effects; hnRNP D, also known as AUF1, binds directly to
stem-loop IV of the poliovirus IRES to inhibit viral translation and/or targets the AU-rich region
within the 3’UTR for degradation (109, 132, 133). However, in poliovirus- and CVB3-infected

cells, this antiviral activity is inhibited through 3C"°-mediated cleavage of AUF1 (132, 133).
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In this chapter, I address Aims 2 and 3 for another candidate substrate identified by
TAILS, hnRNP M. I have validated hnRNP M as a novel substrate of both poliovirus and CVB3
3C"™. hnRNP M was cleaved in both poliovirus- and CVB3 infected cells and mouse tissues,
producing two cleavage products that persisted during infection. I demonstrated that endogenous
hnRNP M relocalizes from the nucleus to the cytoplasm during poliovirus infection and that
hnRNP M promoted poliovirus and CVB3 infection. Depletion of hnRNP M did not affect IRES
translation nor viral RNA stability. In summary, this data reveals a strategy utilized by poliovirus

and CVB3 to target hnRNP M by the 3C™ to aid in virus infection.

5.2 Results
5.2.1 hnRNP M is targeted by poliovirus 3C proteinase

Using TAILS, we identified a spectra of a neo-N-termini peptide from hnRNP M with a
cleavage site at position **’Gln|Gly (Table 3.1, Figure 5.1A and 5.1B). The **’Q and *°G at P1
and P1" positions, respectively, is consistent with the consensus cleavage site of poliovirus 3C™*
(68). hnRNP M is a nucleo-cytoplasmic shuttling protein primarily known for its role in pre-
mRNA splicing and alternative splicing (298-303). There are 4 alternatively spliced isoforms of
hnRNP M derived from a single pre-mRNA transcript, all of which contain three RRMs (304).
All four isoforms are highly similar in size and typically migrate as a closely spaced doublet
referred to as M1/2 and M3/4 (304). The M4 isoform encodes the longest isoform of 730 amino
acids, with a predicted molecular weight of 77 kDa (Figure 5.1A) (304). The M1 isoform
encodes a 690 amino acid variant of M4 of 74 kDa, containing a 39 amino acid deletion between

RRM1 and RRM2 (304). Notably the same cleavage site sequence is found in all isoforms of
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Figure 5.1 hnRNP M is cleaved by poliovirus 3C proteinase in vitro. (A) The hnRNP M peptide identified by

TAILS is shown, including the four amino acids located directly upstream (P4-P1). Schematic of hnRNP M protein

isoforms are shown. RRM - RNA recognition motifs. Arrow denotes the cleavage site of poliovirus 3C™°. (B)

Fragmented spectra of the doubly charged GGGGGGGSVPGIER peptide identified following N-terminal

enrichment by TAILS. HeLa cell lysates were incubated with purified wild type or mutant (C109A) CVB3 2A™

(100 ng/ul) for 1 hour (C). hnRNP M, PABP, and a-tubulin were detected by immunblot analysis. (D) Cleavage of

recombinant hnRNP M by purified poliovirus 3C"°. Proteins were loaded on a SDS-PAGE and immunobloted for

hnRNP M. (E) Expression of FLAG-hnRNP M-HA in HeLa cells. (F) Lysates from cells expressing the wild type or

mutant (Q389E/G390P) tagged hnRNP M (FLAG-hnRNP M-HA) were incubated with wild type or mutant

poliovirus 3CD" and immunoblotted for FLAG and PABP. cp - cleavage protein.
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hnRNP M (Figure 5.1A). The cleavage site falls between RRM2 and RRM3 at amino acid 389
within the M4 isoform, which would result in two cleavage products of approximately 41 and 36
kDa.

To confirm that hnRNP M is targeted by poliovirus 3C™°, T used an in vitro cleavage

assay to validate hnRNP M cleavage in HeLa cell lysates incubated with purified recombinant

pro pro

poliovirus 3C"" (Figure 3.6). Incubation of wild-type but not mutant 3C”" with lysates resulted
in the expected cleavage products of PABP, a known substrate of 3C"™ (98). Immunoblotting
using the hnRNP M (1D8) antibody detected a prominent band at approximately 77 kDa, which
corresponds to the mass of the M4 isoform (Figure 5.1A). Addition of the wild-type poliovirus
3C" resulted in the accumulation of a cleavage product of approximately 36 kDa, which was
detected as early as 5 minutes of incubation, whereas no cleavage was observed with the mutant
3CP™ after incubating for 60 minutes (Figure 3.6). Detection of the 36 kDa cleavage product is
consistent with the predicted size of the C-terminal protein product generated from cleavage at
the site identified by TAILS, suggesting that the 1D8 antibody recognizes the C-terminal half of
hnRNP M. Addition of a recombinant CVB3 2A"™ to HeLa cell lysates resulted in cleavage of
PABP but not hnRNP M, suggesting that cleavage of hnRNP M is 3C"*-specific (Figure 5.1C).
To further assess whether hnRNP M is a direct substrate for 3C"™, I incubated poliovirus 3C*™*
with purified recombinant hnRNP M. Wild-type 3C*™, but not the mutant, generated a 36 kDa
cleavage product similar to that observed from the in vitro cleavage assay (Figure 5.1D). Finally,
I confirmed the TAILS-predicted cleavage site by expressing hnRNP M subcloned into a pPCMV
mammalian expression vector fused in-frame with a 3X FLAG-tag and 3X HA-tag at the N- and

C-terminus, respectively (FLAG-hnRNP M-HA, Figure 3.7A and 5.1E). Using the 1D8 hnRNP

M antibody, immunoblotting analysis detected two proteins in lysates of cells transfected with
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FLAG-hnRNP M-HA, the endogenous hnRNP M at 77 kDa and the slower migrating tagged
protein at approximately 84 kDa (Figure 5.1E). Moreover, expression of FLAG-hnRNP M-HA
was also detected using a FLAG antibody (Figure 3.7B and 5.1F). The expected molecular
weight of FLAG-hnRNP M-HA is approximately 84 kDa. Wild-type, but not the inactive 3C™°
generated a 43 kDa cleavage product that was detected by anti-FLAG antibody (Figure 3.7B).
As predicted, the Q389E/G390P FLAG-hnRNP M-HA mutant was insensitive to 3C"° cleavage
(Figure 3.7B). Because 3C"" is also expressed as 3CD (59), I determined whether 3CDP™ targets
hnRNP M. As shown with 3C*°, recombinant 3CD" targeted wild-type but not mutant
Q389E/G390P FLAG-hnRNP M-HA in the in vitro cleavage assay (Figure 5.1H). Taken
together, these results demonstrate that hnRNP M is a bona fide substrate of poliovirus 3C** and

3CDP™ and is cleaved directly between amino acid pair **’Q|G.

5.2.2 hnRNP M is cleaved in poliovirus-infected HeLa cells

To examine whether cleavage of hnRNP M occurs during virus infection, HeLa cells
were either mock- or poliovirus-infected, then harvested at different times after infection.
Cleavage of PABP was observed beginning at 3 hours post infection, producing the expected
cleavage products (Figure 5.2A) (97). Similar to the timing of PABP cleavage, the levels of full-
length hnRNP M began to decrease at 3 hours post infection, which is concurrent with the
appearance of two proteins at 36 and 39 kDa (Figure 5.2A). By 7 hours post infection, the full-
length hnRNP M was completely degraded, whereas the two cleavage products remained
detectable throughout infection (Figure 5.2A). The presence of two cleaved proteins suggests

that hnRNP M may be cleaved more than once during infection.
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Figure 5.2 Cleavage of hnRNP M in poliovirus-infected HeLa cells. (A) HeLa cells were mock or poliovirus-
infected (MOI 10) for the indicated times. (B) Cleavage of hnRNP M is insensitive to zZVAD-FMK in poliovirus-
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Representative gels are shown from at least two independent experiments.
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Apoptosis-induced activation of caspases can occur in picornavirus infections (305, 306).
To assess whether cleavage of hnRNP M is a result of caspase activation, poliovirus-infected
HeLa cells were incubated in the presence or absence of the general caspase inhibitor, zZVAD-
FMK. Both hnRNP M cleavage products were still observed in poliovirus-infected cells in the
presence of zZVAD-FMK, whereas cleavage of poly(ADP) ribose polymerase (PARP), a known
caspase-3 substrate, was inhibited (Figure 5.2B). Thus, I demonstrate that hnRNP M is cleaved
to completion during poliovirus infection in a caspase-independent manner and that the cleavage

products persist during infection.

5.2.3  Subcellular relocalization of hnRNP M in poliovirus-infected cells

hnRNP M is a predominantly nuclear localized protein (307). Thus, it is of interest to
determine how hnRNP M is targeted by a cytoplasmic RNA virus. To address this, I monitored
the localization of hnRNP M in mock- and poliovirus-infected cells by immunofluorescence
confocal microscopy. In mock-infected cells, hnRNP M was predominantly localized to the
nucleus, in agreement with its role as a nuclear protein involved in pre-mRNA splicing (Figure
5.3, mock-infected). However, upon infection, hnRNP M underwent a dramatic relocalization to
the cytoplasm beginning at 3 hours post infection to near completion at 5 and 7 hours post
infection (Figure 5.3, poliovirus-infected). This subcellular redistribution from the nucleus to the
cytoplasm is similar to that observed with other hnRNPs such as hnRNP K and A1 during
poliovirus infection (29). Given that hnRNP M is cleaved nearly to completion and that the
cleaved fragments of hnRNP M persist in poliovirus-infected cells at 5 and 7 hours post infection
(Figure 4.2A), the immunoflourescence signal detected in the cytoplasm most likely represents

the cleaved forms of hnRNP M.
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Figure 5.3 Subcellular Localization of hnRNP M in PV-infected HeLa cells. HeLa cells were mock- or PV-
infected (MOI 10) for the indicated times. Cells were permeabilized, fixed and co-stained for hnRNP M (red) and

DNA (Hoescht). Representative confocal images are shown from at least three independent experiments.
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I next assessed the subcellular location of the N- and C-terminal hnRNP M cleavage
products during infection. I expressed FLAG-hnRNP M-HA in HeLa cells and monitored the
fate of N- and C-terminal cleavage products by FLAG and HA antibodies during infection. As
shown in Figure 5.1G, a predominant 84 kDa protein was detected by FLAG and HA antibodies
in transfected cells, indicative of FLAG-hnRNP M-HA expression (Figure 5.4B, mock-infected).
Expression of FLAG-hnRNP M-HA had a reproducible moderate effect on cell viability in HeLa
cells, suggesting that over-expression of hnRNP M is somewhat toxic (Figure 5.4A). When
probed with the hnRNP M antibody, both the endogenous hnRNP M and the C-terminal HA-
tagged fragment of hnRNP M were detected (Figure 5.4B, long exposure). I then subjected HeLa
cells expressing FLAG-hnRNP M-HA to poliovirus infection. Immunoblotting for FLAG
detected two N-terminal cleavage products of approximately 44 and 47 kDa at 5 and 7 hours post
infection, which is slightly delayed compared to when endogenous hnRNP M is cleaved (Figure
5.4B). It is probable that the over-expression of the tagged hnRNP M delays infection.
Interestingly, the HA antibody detected only a single protein at approximately 42 kDa (Figure
5.4B). It is noted that the full-length endogenous hnRNP M and FLAG-hnRNP M-HA were not
cleaved to completion as observed in Figure 5.2. It is likely that over-expression of FLAG-
hnRNP M-HA may affect the extent of protein processing of endogenous hnRNP M by the virus
during infection. Similar to that of the endogenous hnRNP M, the tagged hnRNP M is cleaved
and the N- and C-terminal cleavage products persist during poliovirus infection. However, it is
noted that the C-terminal tagged HA-hnRNP M is less stable at 7 h.p.i. which is similar to that

observed using the hnRNP M antibody for detection.
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I then monitored expression of FLAG-hnRNP M-HA in poliovirus-infected HeLa cells
by immunofluoresence, to assess the N- and C-terminal cellular localization of hnRNP M. A
dsRNA antibody was used to monitor the accumulation of viral replication intermediates. In
mock-infected cells transfected with FLAG-hnRNP M-HA, HA and FLAG signals were detected
primarily in the nucleus, similar to nuclear localization of the endogenous protein (Figure 5.5A
and B, mock-infected). Beginning at 3 h.p.i., which is the time prior to cleavage of FLAG-
hnRNP M-HA, staining for both FLAG and HA tags showed a diffuse cytoplasmic staining
(Figure 5.5A and B). FLAG and HA signals accumulated in the cytoplasm at 5 and 7 h.p.1i.
(Figure 5.5A and B). As expected, dSRNA antibody staining was only detected in the cytoplasm
of poliovirus-infected cells (Figure 5.5). Interestingly, no colocalization was observed between
either FLAG or HA and dsRNA signals, which would suggest that hnRNP M does not have a
direct effect on viral replication. In summary, FLAG-hnRNP M-HA recapitulates the subcellular

localization and cleavage pattern of endogenous hnRNP M.

5.2.4 Expression of mutant hnRNP M Q389E/G390P in cells
Our results indicated that mutant Q389E/G390P hnRNP M is resistant to cleavage by

pro

poliovirus 3C"" (Figure 5.1G). To determine whether this mutant is resistant to cleavage in
poliovirus-infected HeLa cells, I transfected the FLAG-hnRNP M-HA construct that contains the
Q389E/G390P mutations and followed the fate of the protein by immunoblot analysis.
Surprisingly, despite being resistant to 3C*° and 3CD"™ in the in vitro cleavage assay, the
Q389E/G390P FLAG-hnRNP M-HA was still cleaved at roughly the same time and extent as the

wild-type version in poliovirus-infected cells (Figure 5.6A). Furthermore, the cleavage products

of mutant and wild-type hnRNP M in infected cells migrated similarly by immunoblot
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Figure 5.5 Subcellular localization of N- and C-terminal cleavage products of hnRNP M in poliovirus-infected
HeLa cells. (A) Subcellular localization of N-terminal and C-terminal cleavage products of hnRNP M. HeLa cells
transfected with FLAG-hnRNP M-HA for 48 hours, followed by either mock or poliovirus infection (MOI 10) for
the times indicated. Cells were fixed and co-stained for FLAG (red in A) or HA (red in B), dsSRNA (green) for
detection of virus, and Hoescht (blue). Shown are representative images from at least three independent

experiments.
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Figure 5.6 Expression of mutant FLAG-hnRNP M-HA in poliovirus infected cells. HeLa cells were transfected
with either wild-type or mutant Q389E/G390P (A), or E337K, E350K FLAG-hnRNP M-HA expression plasmids
for 48 hours (B), followed by mock- or poliovirus-infection (MOI 1) for the indicated times. Lysates were

immunoblotted with anti-FLAG.
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analysis. This result suggests that hnRNP M is cleaved at a distinct site(s), likely close to the
3CP™-sensitive Q389/G390 site. One possibility is that 3C*"° may cleave at multiple sites on
hnRNP M. Surveying for putative 3C proteinase sites nearby, I found two sites at QE336-7 and
QE349-50 that if cleaved by 3C™™ would result in cleavage products similar in mass as that
observed during infection. However, expression of mutant FLAG-hnRNP M-HA containing
mutations at these sites resulted in cleavage products during poliovirus infection (Figure 5.6B).
Nevertheless, I next determined whether the Q389E/G390P FLAG-hnRNP M-HA localized to
the same cellular compartments as the wild-type version during poliovirus infection. As observed
with endogenous hnRNP M and the wild-type FLAG-hnRNP M-HA, the FLAG and HA signals
were predominantly nuclear localized in mock-infected cells and were localized to the cytoplasm
in poliovirus-infected cells to the same extent and time as the wild-type protein (data not shown).
In summary, these results indicate that although 3CP™ cleaves between amino acid pair **’Q|G in
vitro, nRNP M is likely cleaved at another site nearby during poliovirus-infected cells.

Currently, it is unclear whether the secondary site(s) is cleaved by 3C"™ or by another protease.

5.2.5 hnRNP M facilitates poliovirus infection

I next explored the significance of hnRNP M during poliovirus infection using a siRNA
knockdown approach. Transfection of hnRNP M-specific siRNAs but not scrambled-siRNAs in
HeLa cells resulted in loss of hnRNP M protein expression (Figure 5.7A) and did not
significantly affect cell viability (Figure 5.7B). Cells transfected with scrambled or hnRNP M
siRNAs for 72 hours were then mock- or poliovirus-infected, and virus production was
monitored by immunoblot and Northern blot analysis. In scrambled-siRNA treated cells,

cleavage of hnRNP M was detected in poliovirus-infected cells at 5 and 7 h.p.i.
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Figure 5.7 Poliovirus infection is inhibited in HeLa cells lacking hnRNP M. (A) hnRNP M knockdown by

transfection of siRNA in HeLa cells. hnRNP M and a-tubulin were assessed by immunoblot. (B) Cell viability of

cells treated with siRNAs for 72 hours was calculated by the percentage of cells that are not stained with trypan

blue. Averages = s.d. are shown. N.D., no statistical difference, p<0.05. (C) HeLa cells were transfected with either

scrambled (siSCX) or hnRNP M (sihnRNP M) siRNA for 72 hours, followed by poliovirus infection (MOI 1) for

the indicated times. Immunoblots of hnRNP M, poliovirus structural protein VP1 and a-tubulin are shown. (D)

Northern blot analysis of poliovirus genomic RNA in poliovirus-infected HeLa cells (MOI 1) treated with siSCX or

sihnRNP M. (E) Viral titres of intracellular (5 h.p.i.) and extracellular (7 h.p.i.) virus from poliovirus-infected cells

(MOI 0.1) pre-treated with siSCX or sihnRNP M. Titres were calculated as plaque forming units (p.f.u./ml = s.d.,

*p<0.05) from three independent experiments.
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(Figure 5.7C). As expected, hnRNP M was barely detected in infected cells treated with hnRNP
M siRNAs (Figure 5.7C). Interestingly, the viral structural protein VP1 was significantly reduced
in poliovirus-infected cells treated with hnRNP M siRNAs compared to the scrambled control at
5 and 7 hours post infection (Figure 5.7C). By 9 and 11 hours post infection, VP1 expression in
hnRNP siRNA-treated cells accumulated to similar levels as in scrambled treated cells (Figure
5.7C). These results suggest that loss of hnRNP M inhibits and delays poliovirus infection.
Furthermore, knockdown of hnRNP M decreased the levels of poliovirus genomic RNA at 5 and
7 h.p.i. (Figure 5.7D) and resulted in a 5 to 6-fold decrease in viral titre of both intracellular (5
h.p.i.) and extracellular viral yield (7 h.p.i.) compared to the scrambled control (Figure 5.7E).
These results collectively demonstrate that hnRNP M facilitates poliovirus infection in HeLa

cells.

5.2.6 Role of hnRNP M in poliovirus IRES translation

I have shown that hnRNP M promotes poliovirus infection. Given that hnRNP M does
not colocalize with replication complexes during infection, I next investigated a role for hnRNP
M in viral translation. To examine this further, I investigated whether hnRNP M affects host
translation and viral protein synthesis during infection. Mock- or poliovirus-infected cells that
were pre-treated with hnRNP M siRNAs for 72 hours were pulse-labeled with [*°S]-
methionine/cysteine for 30 minutes prior to harvesting at each time point. Knockdown of hnRNP
M did not significantly affect (94% = 11%) overall protein synthesis as compared to cells treated
with scrambled siRNAs, which is in agreement with our observation that knockdown of hnRNP

M does not affect cell viability (Figure 5.8 A, mock infected lanes). Host translational shutoff
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was observed beginning at 3-5 h.p.i. in poliovirus-infected scrambled siRNA-treated cells at an
MOI of 5, which is concomitant with viral protein synthesis (Figure 5.8A). Synthesis of viral
proteins such as P1, VPO, VP3, VP1 and 2BC was clearly observed in infected cells at an MOI of
1 and 5 at 5 h.p.i. (Figure 5.8A). By contrast, in cells depleted of hnRNP M, host translational
shutoff was delayed at 5 and 7 h.p.i. in infected cells at an MOI of 5 (Figure 5.8A). Moreover,
viral protein accumulation was reduced in these cells, which is consistent with the observation
that VP1 expression is decreased in hnRNP M siRNA-treated, virus-infected cells (Figure 5.8A
and Figure 5.7C). This result is most evident in infected cells at an MOI of 1 where viral protein
synthesis is barely detected at 5 and 7 hours post infection (Figure 5.8A). Thus, depletion of
hnRNP M results in a decrease in either viral protein accumulation or replication in infected
HeLa cells.

To examine more closely whether hnRNP M has a role in viral translation, I monitored
poliovirus IRES translation directly by using an IRES-containing reporter construct (Figure
5.8B). The bicistronic reporter construct contains the poliovirus IRES within the intergenic
region between the Renilla and firefly luciferase genes, which monitor cap-dependent and
poliovirus IRES-mediated translation, respectively (Figure 5.8B). Because hnRNP M
redistributes to the cytoplasm during poliovirus infection, I monitored poliovirus IRES
translation by transfecting the IRES-containing reporter construct in poliovirus-infected cells.
Briefly, cells treated with scrambled or hnRNP M siRNAs for 72 hours were transfected with the
bicistronic construct for 1 hour, followed by mock or poliovirus infection (Figure 5.8B,
flowchart). Cells were then harvested 5 hours later and luciferase activities were measured.

In mock-infected cells, hnRNP M siRNA treatment decreased Renilla luciferase activity

by approximately 12% as compared to scrambled siRNA treatment, indicating that depletion of
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hnRNP M had a slight effect on cap-dependent translation using this transfection reporter
approach (Figure 5.8C). In contrast, firefly luciferase activity was detected at similar levels in
both the scrambled and hnRNP M siRNA treatments, suggesting that hnRNP M does not have a
role in IRES-dependent translation under basal conditions (Figure 5.8C). In poliovirus-infected
cells, Renilla luciferase activity was inhibited to the same extent in both the scrambled and
hnRNP M siRNA treatments, which is a reflection of shutoff of host translation during infection
(Figure 5.8C). In contrast, firefly luciferase activity was still detected at similar levels in the
hnRNP M siRNA treated cells compared to the scrambled controls (Figure 5.8C), suggesting that
hnRNP M is not required for poliovirus IRES translation. A bicistronic construct containing an
inactive IRES did not result in firefly luciferase expression, indicating that IRES activity is being
measured (Figure 5.8D). In summary, the results suggest that hnRNP M is not required for
poliovirus IRES translation during infection, and likely participates in another step of the viral

life cycle.

5.2.7 hnRNP M is not required for poliovirus genomic RNA stability

The decrease in viral RNA in poliovirus infected cells that are depleted of hnRNP M may
be due to an effect on viral replication or viral RNA stability. To address whether hnRNP M is
involved in viral RNA stability, I monitored the fate of viral RNA in scrambled or hnRNP M
siRNA-transfected poliovirus-infected cells after treating the cells at 4 h.p.i. with 2 mM
guanidine hydrochloride (GuHCL), a known inhibitor of poliovirus RNA synthesis (308). No
significant difference was observed between the stabilities of viral RNA between the scrambled
and hnRNP M siRNA-treated cells following the addition of guanidine hydrochloride (Figure

5.9). Thus, hnRNP M is not required for maintaining poliovirus RNA stability during infection.
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Figure 5.9 Stability of viral genomic RNA in poliovirus-infected cells. Hela cells pretreated with siSCX or
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mRNA assayed by Northern blot analysis. The ratio of viral RNA to GAPDH at 4 hours post infection was set as

100%. Shown are the averages of three independent experiments + s.d.
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5.2.8 Role of hnRNP M in CVB3 infection

Our results have established a novel role of hnRNP M in poliovirus infection. I next
determined whether the requirement of hnRNP M is specific to poliovirus infection. To address
this, I asked whether hnRNP M facilitates infection of another picornavirus, CVB3. Similar to
that observed with poliovirus 3C*, immunoblot analysis detected the accumulation of a
cleavage product of approximately 34 kDa in HeLa lysates incubated with purified CVB3 3C
but not a catalytically inactive CVB3 3C™ (Figure 5.10A). The cleavage product of hnRNP M
by CVB3 3C"™ appears to migrate slightly farther than the cleavage product produced by
poliovirus 3C"™, suggesting the CVB3 3C"" may target another site within hnRNP M (Figure
5.10A). When monitored during CVB3 infection, a single cleavage 55 kDa protein was
observed at 5 hours post infection followed by multiple cleavage products observed at 7 and 9
hours post infection, demonstrating the hnRNP M is cleaved at multiple sites during CVB3
infection (Figure 5.10B). Cleavage of hnRNP M was still observed during CVB3 infection in the
presence of zZVAD-FMK, demonstrating that targeting of hnRNP M is not due to caspase activity
(data not shown). The significance of hnRNP M in CVB3 infection was also explored by
measuring viral titres following siRNA-mediated knockdown of hnRNP M. I observed an
approximately seven-fold decrease in CVB3 titre in hnRNP M siRNA-treated cells (Figure
5.10C).

CVB3 is a prevalent contributor to dilated cardiomyopathy among young children by
targeting and ultimately destroying cardiomyocytes (250). To assess whether cleavage of hnRNP
M occurs under more physiologically relevant conditions, I monitored hnRNP M in
cardiomyocytes from mice infected with CVB3. Cleavage products of hnRNP M were detected

in the CVB3 treated mice but not in the mock treated mice (Figure 5.10D). Altogether, this data
115



A CVB33C B

WT C147A CVB3 mock
kDa 0 5 15 30 60 60 min kDa 1 3 5 7. 9 9 h.p.i.
100 -
70— > o G S GG < nRNPM  70- | D D D === < @ - hnRNP M
55- 55- — — — -
cp
35- - - — -—cCp 35- s = f
70 - -— em» eme —— — s < PABP
. —— —— -
70-| GRS el - GcP1  55- = =l
i e ~—cp 35- —— VP1
35- ------IO‘TUB
F5— | W - G - . - (0 TUB

exp exp exp exp
¢ Viral Titre D #1#2 # #2

6 kDa Mock mock CVB3 CVB3
*

| ] T
&4 o s
X3 :
- 2 35_—---*GAPDH
a

1

0

siSCX sihnRNP M

Figure 5.10 hnRNP M in CVB3-infected cells. (A) Cleavage of hnRNP M in CVB3-infected cells. (A)
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indicates that cleavage of hnRNP M and the requirement of this protein for infection may be a

conserved strategy among picornaviruses to facilitate virus infection.

5.3 Discussion

I have identified hnRNP M as a direct substrate of poliovirus 3C"™ and 3CD" in vitro,
and that hnRNP M is cleaved in both poliovirus and CVB3-infected cells. I also demonstrate that
hnRNP M promotes both poliovirus and CVB3 infection. Several members of the hnRNP family,
including hnRNP A1, PCBP1/2, AUF1, and PTB, are important host factors for picornavirus
infection (107, 109, 111, 125, 132, 133, 296, 297). A subset of these hnRNPs are modified
through cleavage by picornavirus proteinases in infected-cells and as a result, picornaviruses
either can either inhibit or alter the function of these proteins, or exploit the function of their
cleavage products. Our work suggests that cleavage of hnRNP M is a common strategy of
picornavirus infections and that picornaviruses hijack hnRNP M to facilitate infection.

I demonstrate conclusively that hnRNP M is cleaved by poliovirus 3C** and 3CD™
between *¥Q| G (M4 isoform numbering) in vitro to produce a 36 kDa cleavage protein that is
detected by the 1D8 hnRNP M antibody (Figure 3.6). The 1D8 antibody recognizes an epitope
within the C-terminal fragment of hnRNP M, which is based on the observation that both 1D8
and HA antibodies detect the same C-terminal cleavage product of the FLAG-hnRNP M-HA in
poliovirus-infected cells (Figure 5.4B). I posit that all variants of hnRNP M are targeted as all
isoforms harbor the region containing the identified cleavage site and thus cleavage by 3C*™*

would produce the same C-terminal end of hnRNP M. Furthermore, hnRNP M is completely
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cleaved by 7 hours post infection in poliovirus-infected HeLa cells, which suggests that all four
isoforms are being targeted during infection (Figure 5.2A).

I detected a single 36 kDa cleavage product of hnRNP M in vitro (Figure 3.6); however,
two cleavage products of approximately 36 and 39 kDa were consistently detected in poliovirus-
infected cells (Figure 5.6). Accumulation of a second cleavage product during infection may
occur through more than one mechanism. First, rnRNP M may be cleaved twice at a second site
close in proximity to the ***Q| G cleavage site identified in vitro, through either 3C™™ or
another protease. I have determined that the viral 2A™™ is unlikely involved and ruled out the
possibility of caspase-induced cleavage (Figure 5.2B). Furthermore, while mutating
Q389E/G390P prevented direct cleavage by 3C™ in vitro, I still observed cleavage of this
mutant during poliovirus infection (Figure 3.7 and 5.6A). These results suggest that hnRNP M is
cleaved at one or more sites in close proximity to the 3C" **Q|G* in vitro cleavage site.
Several candidate proteinase cleavage sites were tested but all failed to prevent cleavage (Figure
5.6B; data not shown). Further mapping of the cleavage sites will provide insights into the
proteases that target hnRNP M during poliovirus infection. Interestingly, expression of FLAG-
hnRNP M-HA generates two cleavage products detected by the FLAG epitope during poliovirus
infection and only one cleavage product detected by the HA epitope. This may indicate that a
second cleavage event is occurring on a cleavage product following destabilization of the hnRNP
M structure following the initial cleavage. Alternatively, the two cleavage products may be due
to two distinct isoforms that are cleaved during infection, or that the cleaved fragment is subject
to post-translational modification. Further investigation is required to determine the cleavage

activity of hnRNP M during infection.
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During poliovirus and CVB3 infections, hnRNP M is relocalized to the cytoplasm, where

pro

it is cleaved by the viral 3C”" (Figure 5.3, data not shown). The subcellular relocalization of
hnRNP M is similar to that observed of other hnRNP proteins during poliovirus infection, thus
suggesting a general strategy of picornaviruses to redistribute RNA-binding proteins (29).
Poliovirus and CVB3 infections lead to remodeling of the nuclear pore complex by viral
proteinases, which contributes to the inhibition of nuclear import of nucleo-cytoplasmic shuttling
proteins (29, 116-118). Interestingly, it has previously been demonstrated that 3C in its precurser
form as 3CDP™ is capable of entering the nucleus of virus-infected cells through a 3D nuclear
localization signal (137). While I demonstrate that hnRNP M can also serve as a substrate of
3CD"™ (Figure 5.1H), I observed that FLAG-hnRNP M-HA begins to redistribute from the
nucleus to the cytoplasm at 3 hours post infection prior to being cleaved (Figure 5.4B and 5.5). It
is likely that hnRNP M relocalizes to the cytoplasm due to blockage of nuclear import mediated
by the 2A proteinase, and is then targeted by the 3C proteinase.

Like other hnRNPs, hnRNP M is a RNA-binding protein that associates with G-U rich
regions of pre-mRNA (304). hnRNP M is part of pre-spliceosome assembly complexes and
functions in splice-site recognition and alternative splicing (299-301, 307, 309, 310). In addition
hnRNP M has also been implicated in transcriptional controls, heat shock stress responses and
cell signalling (311-313). Our work shows for the first time that the function of hnRNP M is
subverted during poliovirus infection and diverted towards a step in the viral life cycle. An
indirect effect of relocalization of hnRNP M to the cytoplasm is that splicing will cease or be
altered in the nucleus. Previous reports have shown that inhibition of splicing may be a strategy
utilized by picornaviruses to subvert host antiviral responses (141, 142, 314). Thus, redistribution

of hnRNP M could contribute to this effect.
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Although hnRNP M is cleaved during infection, our study shows that hnRNP M is
required for optimal picornavirus infection (Figure 5.7E and 5.20C), suggesting that hnRNP M
and/or its cleavage products contribute to a specific step of the viral life cycle. Several hnRNPs
are exploited by picornaviruses to aid in viral translation, replication or stability of the viral
genome. For example, inhibition of nucleo-cytoplasmic transport of protein during picornavirus
infection leads to relocalization of nuclear proteins, such as PTB and PCBP2, to the cytoplasm
that then aid in viral translation (29, 117, 136). While several hnRNP proteins have been
identified as mediators of poliovirus translation through direct interaction with the IRES (107,
111, 125, 296, 297), our translation assays in hnRNP M-depleted cells do not show an effect on
poliovirus IRES-mediated translation (Figure 5.8B).

Given that viral RNA levels are reduced in hnRNP M siRNA treated cells, the simplest
hypotheses are that the defect is at the step of RNA metabolism replication or viral RNA stability
(Figure 5.7D). I showed that hnRNP M does not have role in maintaining viral RNA stability in
infected HeLa cells treated with GuHCL (Figure 5.9). Previous studies have implicated a role for
hnRNP M in replication of influenza A virus and Semiliki Forest virus (SFV) (315, 316).
Moreover, depletion of hnRNP M enhances SFV gene expression and replication, suggesting that
hnRNP M may be anti-viral. Both the N- and C-terminal cleavage proteins of hnRNP M contain
at least one RRM and thus presumably have the ability to bind RNA. Moreover, because both the
N- and C-terminal fragment persist at least until 5 h.p.i. (Figure 4.2 and 4.4), I hypothesized that
the cleavage products of hnRNP M act in viral replication. However, quantitation of the confocal
images showed no co-localization of the tagged hnRNP M and dsRNA antibody signals, which
mark sites of replication (Figure 5.5; data not shown) (282). Moreover, viral RNA was not

detected in hnRNP M immunoprecipitation experiments (data not shown). Thus, hnRNP M does
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not have a direct role in poliovirus replication. It is still possible that hnRNP M has an indirect
role in replication, possibly by interacting with and affecting the function of a specific protein or
an mRNA that encodes a protein involved in viral replication. Alternatively, hnRNP M may
interact with a protein or mRNA that encodes a protein that have a role in the innate immune
response or in stress granules or P body formation, host processes that could affect poliovirus
RNA accumulation during infection (226, 317, 318). Further experiments to identify the proteins
and/or mRNAs that interact with the cleavage products of hnRNP M in infected cells will
undoubtedly shed light into the functions of hnRNP M in infected cells.

Our findings are in line with the general theme that the RNA-binding family of hnRNPs
is targeted by picornavirus infections. However, not all hnRNPs function similarly in infected
cells. Depletion of a subset of hnRNPs does not have an effect on virus infection whereas
depletion of others does, thus highlighting that each hnRNP has specific roles in picornavirus-
host interactions (107, 109, 111, 125, 132, 133, 296, 297). Our work demonstrates that hnRNP M
plays an important role in poliovirus and CVB3 infections. It will be important to determine how

the cleavage products contribute to a specific step of the viral life cycle.
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Chapter 6: Summary, Limitations and Future Directions

6.1 Thesis summary

Viruses are dependent on cellular proteins within the infected host cells to facilitate
infection. Host proteins play roles in every step of the viral life cycle. Picornaviruses have
evolved strategies of proteolysis by encoding viral proteinases to hijack the function of host
proteins to support infection and block antiviral responses. Conventional methods for identifying
substrates of picornaviral proteinases have uncovered approximately 45 host proteins targeted for
cleavage, which ultimately affects a variety of cellular functions, including transcription and
translation of host proteins, RNA metabolism, and innate immune responses. I hypothesized that
viral proteinases target additional host proteins that have yet to be identified through
conventional methods. To address this, I applied TAILS as an unbiased global proteomics
approach to conduct a global analysis of protease generated N-terminal peptides and identify
novel substrates of picornaviral proteinases.

In this thesis, I established an in vitro assay for TAILS using cellular extracts subjected to
treatment with recombinant proteinases from model enteroviruses as a viable approach for
identifying novel substrates of viral proteinases targeted for cleavage during infection. In
Chapter 3, I identified 72, 63 and 34 high confidence substrates for poliovirus 3C™°, CVB3
2AP and CVB3 3C", respectively, including the known poliovirus 3C"™ substrate PTB at a
recognized cleavage site. Three identical peptides encoding for hnRNP K, hnRNP M, and
PFAS, were identified in both poliovirus and CVB3 3C"™ lists of high confidence peptides,
suggesting that these host proteins may serve as part of a general strategy for enterovirus

infections. Analysis of the putative cleavage sites of the identified high confidence substrates for
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both poliovirus and CVB3 3C"" revealed many consistencies with the known consensus
cleavage site of 3C"™, as well as positions which may have more lenient substrate specificity
than previously considered. Similarly, cleavage site analysis of identified CVB3 2A™ high
confidence substrates showed greater variability at several positions, and thus may accept a
broader range of cleavage sites within its catalytic core. I validated a total of seven high
confidence substrates as novel substrates of poliovirus 3C** in vitro: hnRNP K, hnRNP M,
PFAS, ALIX, ACLY, RIPK1, and USO1. Moreover, mutations in the TAILS-identified cleavage
sites for several candidates blocked cleavage in vitro.

In Chapter 4, I confirmed that six of substrates I validated as novel poliovirus 3C™°
targets in vitro are also targeted for cleavage during poliovirus infection. Moreover, mutant
substrates that were cleavage-resistant in vitro, were also cleavage-resistant during infection. I
confirmed that the poliovirus 3C*"* TAILS-identified substrates hnRNP K and RIPK 1, are also
targeted for cleavage during CVB3 infection in HL-1 cardiomyocytes, demonstrating novel 3C™
host substrates that are common between both enteroviruses. Depletion of these proteins by
siRNAs modulated virus infection, suggesting that cleavage either promoted or inhibited virus
infection. Over-expression of cleavage-resistant hnRNP K and USO1 increased and decreased
viral titres, respectively suggesting that cleavage is important for their functions during infection.
Loss of hnRNP K decreased poliovirus growth in infected HeLa cells and led to a reduction in
poliovirus IRES-mediated translation, suggesting a role for hnRNP K in facilitating viral
translation. USO1 underwent a significant subcellular relocalization during poliovirus infection,
and loss of USO1 attenuates viral protein synthesis. In contrast, loss of PFAS enhanced
poliovirus production, possibly through modulating expression of NFkB signalling proteins,

indicative of an antiviral role for PFAS during poliovirus infection.
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Finally, in Chapter 5, I further characterized the role of the novel substrate, hnRNP M, in
enterovirus infection. hnRNP M is cleaved in vitro by poliovirus and CVB3 3C", and is targeted
in poliovirus- and CVB3-infected HeLa cells and in hearts of CVB3-infected mice. hnRNP M
relocalizes from the nucleus to cytoplasm during poliovirus infection. Finally, depletion of
hnRNP M using siRNA knockdown approaches decreases poliovirus and CVB3 growth in HeLa
cells and does not affect poliovirus IRES translation and viral RNA stability. I propose that
cleavage of hnRNP M to subvert its function is a general strategy utilized by picornaviruses to
facilitate viral infection.

In summary, identification of common cleaved substrates of poliovirus and CVB3 3CP"
using TAILS has provided further insight into the general strategies of enterovirus infections.

Importantly, identification of distinct host substrates may be key to understanding the specific

tropism and virus-host interactions of each picornavirus infection.

6.2 Limitations and future directions

Much information can be obtained from the identification of substrates for viral
proteinases. Identification of viral proteinase substrates has provided insight into general
mechanisms utilized by viruses for successful infection. For example, picornaviruses evade host
antiviral responses in part through cleavage of type I interferon signalling proteins and the near-
complete shutoff of host translation through cleavage of eIF4GI/IIl and PABP (87-90). In
addition, viruses utilize proteolysis to strategically regulate progression of the viral life cycle.
For example, the synthesis of new virion particles involves a switch from translation of viral
proteins to viral RNA replication for viral packaging, which is mediated by cleavage of

associated ITAFs such as PCBP2 and PTB (101, 119). Characterizing the function of viral
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proteinase substrates can also provide insight into the pathogenesis of viral-associated diseases.
Thus, identifying the complete repertoire of host proteins targets of viral proteinases can further
our understanding of the viral life cycle and potentially facilitate the design of novel antiviral
therapies. I have now established TAILS as a valuable tool for gaining further insight into this
research.

This approach can now serve as a useful tool for identifying host cell substrates of less
well-characterized viral proteinases, including the least characterized picornavirus proteinase,
L. A very small subset of host proteins have been identified as targets of L" (56, 88, 89, 137).
Similar to enteroviruses and rhinoviruses, infection by the aphthoviruses that encode L™ induces
a dramatic shutoff of host protein translation and inhibits type I IFN anti-viral responses (96,
103, 319, 320). Since the 2A protein of aphthoviruses and erboviruses does not have proteolytic
activity, one could presume that L shares a similar repertoire of host protein targets as 2A” of
enteroviruses and rhinoviruses; however, limitations in the techniques available to explore host
substrate targets have made this hypothesis difficult to address. Other families of viruses also
encode viral proteinases that have been less well-characterized compared to picornavirus
proteinases. The dicistrovirus family of arthropod-infecting viruses, including cricket paralysis
and Israeli acute paralysis viruses, express a 3C-like proteinase similar to 3C*™ found in other
positive single-strand RNA viruses (321, 322). Currently, these proteinases have no known
function other than the proteolytic processing of the viral polypeptide. TAILS could therefore be
utilized to provide much necessary insight into the life cycle of viruses that we know relatively
little about.

I chose to apply TAILS using an in vitro approach with extracts from HeLa or HL-1 cells

incubated with purified recombinant proteinase from poliovirus and CVB3 for many reasons,
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including minimizing the occurrence of secondary cleavage events initiated as a result of virus
infection to increase the likelihood of identifying direct substrates of these viral proteinases (161,
162). Indeed, I have demonstrated that this in vitro approach can identify novel substrates
targeted during virus infection. There are; however, caveats when utilizing this approach to
identify viral proteinase substrates by attempting to conduct a global proteome analysis. The
physiological setting for viral proteinase activity is during virus infection, whereby the cellular
environment has been vastly modified in comparison to uninfected cells. For example, viral
replication complexes are made up of components of ER-derived COPII vesicles, Golgi-
associated COPI complex proteins, cholesterol and phosphoinositol-4-kinase 1113, which
consequently disrupt membrane integrity, interfere with protein trafficking and modulate lipid
metabolism (28). Cleavage of nuclear pore complex proteins block import of nuclear proteins,
resulting in the cytoplasmic accumulation of several nuclear proteins (27, 95, 96). Host cells
induce antiviral responses upon infection, while viral proteins shutoff host translation and
transcription (70-75, 138). The proteome composition would therefore vary quite significantly
during infection, with respect to cellular localization and availability compared cell lysates
derived from uninfected cells. Thus, the next step in this study would be to apply TAILS in vivo
and potentially generate a more comprehensive list of high confidence candidate substrates.

An interesting aspect of applying TAILS in vivo would be to explore what proteolytic
networks are created during viral infection, and which networks are initiated as a result of viral
proteinase activity. It is known that expression of 3C"™ or 2A™ alone in cells can induce caspase
activity, leading to activation of apoptosis to possibly facilitating cell lysis and viral spread
during virus infection (165). Activation of other cellular proteases have also been described

during other picornavirus infection, including HRV16 and CVB3, and associated with

126



picornaviral-associated disease progression (323-326). Thus, establishing the proteolytic
networks created during virus infection would potentially uncover additional cellular pathways
that support virus infection, and possibly provide further insight into the role that viral
proteinases contribute to the pathogenesis of viral-associated diseases. Moreover, TAILS could
be applied at various time points throughout infection to monitor how these proteolytic networks
change over time, and could potentially provides clues in the roles that the identified proteins
play in infection. One possible approach for exploring which proteolytic networks are initiated as
a result of viral proteinase activity would be to apply TAILS to extracts from cells expressing
3C" and 2AP™ alone in parallel to applying TAILS to extracts for infected cells. This two-prong
approach would presumably identify substrates that are more likely to be direct or indirect targets
of either 3C" and 2AP" during virus infection if they are identified within both TAILS
experiments.

In this study, I validated seven host proteins as novel substrates of poliovirus 3C"™ using
TAILS; however, I have yet to fully address why any of these substrates are cleaved and the
functional significance of such cleavage. One major hurdle encountered when trying to address
these questions is the presence of endogenous protein, following either siRNA transfection or
over-expression of wild-type or cleavage resistance forms. The presence of residual endogenous
protein could potentially mask the effects on the viral life cycle when over-expressing a cleavage
resistant form, or when knocking down protein expression (as opposed to a complete knockout).
One approach to overcome this hurdle would be to generate stable cell lines expressing a
cleavage resistant substrate using CRISPR-mediated homologous recombination (327). Such a
stable cell line would ensure that all cells exposed to virus are expressing a cleavage resistant

form of the protein of interest. Moreover, generating a knock-in cell line whereby only one or
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two amino acids have been mutated in the protein of interest, would minimally disrupt its natural
state, thus reducing the potential for off target effects.

While it remains unclear why these seven substrates are targeted for cleavage during
infection, I was able to demonstrate the functional significance of a few substrates in promoting
enterovirus infection through siRNA-mediated depletion studies. It is clear that hnRNP M plays
a facilitative role in enterovirus infection; however, it does not function as an ITAF and does not
promote RNA stability. To further investigate what specific function hnRNP M plays during
virus infection, one approach could be to identify its protein-interacting partners by co-
immunoprecipitation using lysates from infected cells coupled with mass spectrometry. This
would be performed using both the full-length and cleaved forms, once the in vivo cleavage site
for hnRNP M is identified. Identifying binding partners for hnRNP M from infected lysates
could provide clues to the function of hnRNP M during infection, based on the functions of its
binding partners. Methods for identifying protein-protein interactions in vivo based on proximity
ligation may also be explored to identify hnRNP M binding proteins during virus infection. Such
techniques involve expression of fusion of a protein of interest (ex. hnRNP M) to a promiscuous
biotin-labeling enzyme that will biotinylate other proteins within close proximity within live
cells (328). Biotinylated proteins are then isolated from cells by streptavidin affinity purification
and identified by mass spectrometry. These approaches would also be useful for exploring the
functions of other substrates, including hnRNP K, USO1, RIPK1 and PFAS.

I have provided evidence to suggest that hnRNP K supports poliovirus IRES activity
during virus infection; however, loss of hnRNP K had no effect on viral protein synthesis. Loss
of hnRNP K resulted in a 5-fold decrease in poliovirus titres, demonstrates that hnRNP K is

indeed biologically important for viral infection. However, additional experiments will be

128



necessary in order to verify whether hnRNP K is a bona fide ITAF for poliovirus. For example, a
poliovirus minigenome reporter construct whereby a luciferase gene is flanked by the native
poliovirus 5° and 3’UTR can be utilized to provide a more accurate measure of IRES-mediated
luciferase expression (93). Luciferase expression can then be measured during virus infection
following transfection of a poliovirus minigenome reporter construct into cells pretreated with
hnRNP K siRNAs. Monitoring accumulation of poliovirus genomic RNA by Northern blot
would also provide additional clues for hnRNP K function. If hnRNP K does function in IRES-
mediated translation, then a decrease in viral RNA accumulation would be expected following
loss of hnRNP K during infection.

Based on the evidence I have demonstrated for USO1 function during poliovirus
infection, and considering its previously characterized functions in Golgi vesicle transport, I
hypothesis that full-length USO1 supports viral replication through a direct or indirect function
in the formation of viral replication complexes (235, 254, 258). This would further be supported
by performing a Northern blot or quantitative real-time polymerase chain reaction showing a
reduction in viral genomic RNA accumulation following loss of USO1 during infection. We
have demonstrated that endogenous USO1 disperses into the cytoplasm upon poliovirus
infection. It would be interesting to explore whether expression of its cleavage resistant form
would prevent this relocalization. Furthermore, does over-expression of either a wild-type or
cleavage resistant form alter the number of replication complexes formed? A recently developed
antibody that recognizes double stranded forms of RNA, which are not present in uninfected
cells, has been used to visualize viral replication complexes during infection (275). It would also
be interesting to utilize this antibody to explore whether cells over-expressing a wild-type or

cleavage resistant form alter the number of replications formed in that cell. If USO1 does affect
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viral RNA synthesis and influence the formation of replication complexes, through what
pathway does it mediate its functions? Exploring what interacting partners USO1 may have
during infection (COPI- or COPII- associated proteins, or even directly with the replication
complexes themselves) would help address this question.

PFAS is the only candidate substrate identified in this study that showed an increase in
viral titres following siRNA knockdown, suggesting a possible anti-viral role for PFAS during
poliovirus infection. As previously mentioned, a recent paper described the ability for the gamma
herpesvirus to hijack PFAS enzymatic activity to deaminate RIG-I, which ultimately resulted in
the inhibition of antiviral NFkB-dependent cytokine production (329). While preliminary
experiments I have performed to monitor changes in NFkB signalling protein accumulation
during poliovirus infection following loss of PFAS were inconclusive, there are other approaches
that can be used to investigate this further. The type I interferon response can also be monitored
by changes in transcription of type I interferon response genes, such as IFN-f3, by real-time
quantitative polymerase chain reaction (330). Performing RNAseq in poliovirus-infected cells
depleted of PFAS could also be utilized to provide a more global assessment of the role of PFAS
on transcription. In both experiments described above, use of a stable cell line expressing either a
wild type or cleavage resistant form of PFAS would help decrease the variability between
experiments. Further exploring the function of PFAS during CVB3 infection would also be of
interest, given that PFAS was detected in both poliovirus and CVB3 3CP°-TAILS experiments at
the same cleavage site.

It is possible that not all cleavage events mediated by viral proteinases are essential for
the viral life cycle. For example, RIG-I is cleaved by many picornaviral 3C"°; however, loss of

RIG-I has no effect on viral production (188, 190). Further studies have demonstrate that
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MDAS, which recognizes long fragments of dsSRNA, is the primary PRR responsible for
recognizing picornaviral RNA; however, cleavage of RIG-I is still observed upon infection of
several picornaviruses (171, 172). It is also possible that cleavage of some substrates may still
contribute to the disease pathogenesis while playing no significant role within the viral life cycle.
Thus, assessing cleavage in animal models would be important to fully address the biological
significance of targeting these substrates for cleavage during virus infection. In this study, I
observed no significant difference in viral production following knockdown of two candidate
proteins, ALIX and ACLY. One possibility of why cleavage of a non-essential protein may still
occur is due to the lack of selective pressure throughout evolution to forgo such an event during
infection, which may have at one point been important. It is also possible that viral proteinases
may target multiple proteins that collectively contribute to inhibit a given pathway, rather than
rely on one or a few cleavage events. Lastly, I cannot rule out the possibility of some cleavage
events occurring simply due to the presence of an accessible 3C°-preferred consensus cleavage
site. Only until the complete repertoire of host substrates of picornavirus proteinases targeted for
cleavage during infection has been identified can we begin to address these outstanding
questions.

The picornavirus 3C"™ has been recognized as an attractive target for antiviral therapies
as it plays an essential role within the viral life cycle and it is expressed by all picornaviruses.
Moreover, few vaccines have been developed to protect against picornavirus infections, thus the
development of antivirals therapies is still desirable. One picornavirus 3C" inhibitor, rupintrivir,
has progressed to clinical trails; however, it failed to show efficacy in natural infection studies
(331, 332). Many antiviral therapies developed towards 3C"™ have been variations of peptide

inhibitors targeting that mimic substrate binding within the active site (333-336). Given that
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TAILS identifies cellular substrates at their cleavage site, TAILS serves as useful tool for the
design of peptide inhibitors. Moreover, TAILS provides insight into substrate conservation
among proteinases from different viral family members, which could help establish better broad-
spectrum therapies. Thus, an interesting follow-up study would be to design modified peptides
based on the TAILS-identified cleavage sites to further characterize the optimal consensus
cleavage site for 3C"™. Highly selective peptide sequences can then be further modified to carry
inhibitor compounds of 3C"™ activity. For example, the pan-caspase inhibitor zVAD-FMK
harbours a C-terminal fluoromethly ketone (FMK) that covalently binds to the catalytic cysteines
of caspases (337).

Validating TAILS as an approach for identifying substrates of viral proteinases also
provides new opportunities to improve on existing therapies for many current clinically relevant
virus, such as HIV-1 and hepatitis C virus (HCV). Highly-active antiretroviral therapy (HAART)
is a cocktail of antiviral drugs commonly used for treatment of HIV, which include inhibitors
that target the aspartyl protease encoded by HIV-1 (338). However, the high mutational rates
during HIV-1 replication contribute to development towards resistance of antiretroviral drugs,
including resistance towards protease inhibitors (339). Similarly, HCV encodes the NS3/4A
chymotrypsin-like serine protease, for which there are four NS3/4A inhibitors currently used for
treating HCV-associated diseases (340-343). Development of drug resistance towards these
current inhibitors, as well as reduced efficiency across other HCV genotypes, has also been
reported (344-346). TAILS can serve as a useful tool for assessing why certain viral proteases
develop resistance towards treatment by analyzing changes in substrate specificity between
sensitive and drug-resistant viral protease, and can contribute to the development of new antiviral

therapies. TAILS could also identify host protein targets that may serve as antiviral therapies,
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such as interferon-mediated antiviral therapies that are typically inhibited by viruses, as a means
of circumventing drug resistance. A recent study applied COFRADIC to identify 120 candidate
substrates for the HIV-1 protease from Jurkat cell lysates (238). Host protein substrates for the
HCYV protease have been described; however, a global proteomic approach has yet to be utilized
to identify novel substrates (347, 348).

Altogether, this study has provided further insight into the function of picornavirus
proteinases to support virus infection, and has opened new avenues of research to better

characterize the role of novel host protein substrates during infection.
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