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Abstract

Viral infection affects a multitude of cellular processes to facilitate successful replication.
Such responses include the formation of stress granules (SGs) and the activation of autophagy.
SGs are stalled translational complexes and function to restore cellular homeostasis after stress.
Autophagy is a cellular process that recycles misfolded proteins and damaged organelles and
plays an important role in various stress responses. We previously demonstrated that infection
with Coxsackievirus B3 (CVB3), a common human pathogen for viral myocarditis, disrupts the
autophagic process to support effective viral replication. However, the interplay between CVB3
and SGs, and the ability of SGs to regulate autophagy have not been investigated. Here we
showed that SGs are formed early and actively disassembled late during CVB3 infection due to
viral protease 3CP"-mediated cleavage of Ras-GAP SH3 domain binding protein 1 (G3BP1), a
key nucleating protein of SGs. Overexpression of G3BP1 inhibits CVB3 replication, indicating
an anti-viral function of SGs. We further demonstrated that the C-terminal product of G3BP1 has
a toxic gain-of-function that further inhibits SG formation. We also examined the interaction
between CVB3 and the transactive response DNA-binding protein-43 (TDP-43), an RNA
binding protein that mislocates to SGs under cellular stress. We found that TDP-43 is
translocated from the nucleus to SGs upon infection through the activity of viral protease 2AP",
followed by cleavage by protease 3CP". The C-terminal product of TDP-43 is quickly degraded
by the proteasome, whereas the N-terminal truncate acts as a dominant-negative mutant that
inhibits the function of native TDP-43 in alternative RNA splicing. Knockdown of TDP-43
results in an increase in viral titres, suggesting a protective role for TDP-43 in CVB3 infection.
Lastly, we explored the possible role of G3BP1-SGs in regulating autophagy. We showed that

G3BP1 inhibits autophagic flux, likely by binding to cytoplasmic signal transducer and activator
i



of transcription 3 (STAT3). Taken together, our results reveal that the host SGs and associated
proteins, including G3BP1 and TDP-43, are utilized and modified during CVB3 infection to
promote efficient viral replication and induce viral pathogenesis. Moreover, we propose a novel

mechanism by which G3BP1 binds cytoplasmic STATS3 to inhibit autophagy.
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Chapter 1: Introduction

1.1 Myocarditis
1.1.1 Definition and diagnosis

In 1749, inflammation of the heart and the difficulty in discerning such was described by
a physician, Jean Baptiste Senac in Versailles, France, in his work entitled “Trait¢ des maladies
du Coeur” (Treatise on disease of the Heart). The term “myocarditis” was ultimately coined by
Joseph Freidrich Sobernheim in 1837; however the use of this term included other
cardiomyopathies that were previously undocumented including ischemic heart disease and
hypertensive heart disease. It wasn’t until the 1980’s that the World Health Organization and the
International Society and Federation of Cardiology attempted to differentiate between
myocarditis and other cardiomyopathies *. Generally, myocarditis is identified as an
inflammatory disease of the heart muscle cells and is pathologically identified by conventional
histology and immunohistochemical techniques as an infiltration of lymphocytes to the
myocardium. Myocarditis can be acute, subacute, or chronic and may involve either focal or
diffuse areas of the myocardium. A recent update to the definition of myocarditis has been
discussed by Caforio et al.? in defining myocarditis, using immunohistochemical data, as
individuals that exhibit > 14 lymphocytes/mm? including up to 4 monocytes/mm? with the
presence of CD3-positive T-lymphocytes > 7 cellsmm? This definition utilizes
immunohistochemical data that requires endomyocardial biopsy collection and thus is limited to
a relatively smaller cohort of patients or post-mortem autopsy samples. Moreover, while this
definition of myocarditis has been quite widely accepted # * #, it lacks information on the

complexity of cellular infiltrates such as macrophage subtypes (classical/intermediate/non-

classical), effector (Th1/Th2/Th17) and regulatory (FoxP3+/CD4+) T-lymphocyte subtypes, and
1



thus fails to differentiate a pro-fibrotic response from a healing inflammatory response. Future
transcriptome-based analysis of biopsies may further our definition of myocarditis °.

Patients of suspected myocarditis are clinically evaluated to distinguish fulminant
lymphocytic myocarditis from acute lymphocytic myocarditis. In the case of fulminant
myocarditis, patients exhibit New York Heart Association (NYHA) class IV symptoms, such as
flu-like symptoms with left ventricle systolic dysfunction and cardiogenic shock °. Other
characteristics include leukocytosis, eosinophilia (including rare cases of eosinophilic
myocarditis), elevated erythrocyte sedimentation rate, and increased levels of cardiac troponin or
the creatine kinase biomarker. Fulminant myocarditis may possess multiple foci of active
myocarditis that typically can resolve within 6 months. Less frequently, giant cell myocarditis
has been associated with fulminant acute myocarditis. In contrast, non-fulminant myocarditis
may be acute or chronic myocarditis that often progresses in an insidious manner. While both
acute and chronic myocarditis can be inferred upon echocardiography as heart failure with left
ventricle dysfunction, acute myocarditis may lead to complete resolution or stable dilated
cardiomyopathy, whereas chronic active myocarditis is defined as ongoing myocarditis with
visible fibrosis and giant cells. Development of new molecular techniques such as miRNA
profiling, nested polymerase chain reaction (PCR) and in situ hybridization have improved
accuracy of diagnosis and prognostic value of endomyocardial biopsy samples significantly,
allowing for improved definitions of the various types of myocarditis, including less prevalent
subtypes of myocarditis such as eosinophilic and giant cell myocarditis .

1.1.2 Epidemiology
Myocarditis can be caused by a broad range of infectious agents, including viruses,

bacteria, Chlamydia, rickettsia, fungi, and protozoa, as well as non-infectious triggers, such as
2



toxins and hypersensitive reactions 8. Among these triggers, viral infection has been documented
to constitute the most prevalent cause of myocarditis, particularly in children ®. A wide spectrum
of viral genomes in the endomyocardial specimens of patients with clinically suspected
myocarditis or dilated cardiomyopathy has been identified by polymerase chain reaction and
virus-specific in situ hybridization, which includes Enterovirus (EV), Parvovirus B19 (PVB19),
Adenovirus (AV), Influenza A virus (IAV), Human Herpes virus (HHV), Epstein-Barr virus
(EBV), Cytomegalovirus (CMV), Hepatitis C virus (HCV), and Human Immunodeficiency Virus
(HIV) ® (Table 1).

Between 1980 and 1990, virus-induced myocarditis was most associated with EV and
AV infections *°. As molecular technologies continued to improve, viral-induced myocarditis
epidemiology in certain geographical locations shifted predominantly towards PVB19 and
HHV6 infections ** 2. However, the geographical distribution of cardiotropic viral infections
that induce cardiomyopathy is still in debate **. In a study performed by Andreoletti et al. **,
active Coxsackievirus type B (CVB) genomes and viral capsid proteins, VP1, were observed in
immunostained post-mortem endomyocardial tissue of patients who died suddenly in the context
of acute myocardial infarction in France. Furthermore, Ali Yilmaz et al.*® showed that
endomyocardial biopsies performed in Germany consistently, and almost exclusively, tested
positive for PVB19 or HHV6, and that positive detection of EV genomes were rare. These
discrepancies are speculated to be either derived from technical issues involving unspecific
cross-reactivity of antibodies with necrotic or apoptotic human cardiomyocytes, or on the
possibility that cardiotropic viruses exist along the French-German border. In fact, the waves of
outbreaks in human viral diseases documented over the years by agencies like the Centers for

Disease Control in the USA would suggest a variable series of outbreaks, from time to time, and
3



from region to region. Co-infections by various cardiotropic viruses have also become an
attractive hypothesis for the confusing epidemiological variability. In 2006, HCV was detected in
4.4% of Japanese patients with myocardial manifestations by using antibodies specific for HCV
epitopes in frozen blood samples *°. In 2010, HIN1 IAV was demonstrated in 4 of 80 children
confirmed as IAV-related myocarditis '°. These studies raise a striking concern over studies

investigating the epidemiology of viral myocarditis.



Table 1. Studies investigating viral prevalence in myocarditis patients

Study Year PVB % EV % AV % HSV% EBV% CMV% HHV % Notes

23/95 (24.2%) in suspected
myocarditis patients, 10/33

17
Kandolf et al. 1991 ND 24.2 ND ND ND ND ND (30.3%) in patients with DCM
using PCR
58 cases of fixed and frozen
Griffinetal. 8 1995 ND 21 31 3.4 ND 3.4 ND myocardial autopsy samples for
PCR
Bowlesetal.®® 2003 <1 14 23 <1 <1 3 ND PCR using EMB samples from

624 patients with myocarditis

12% dual infection in acute
Kuhl etal. ? 2005 36.6 32.6 8.1 ND ND ND 10.5 myocarditis, generally PVB +
HHV in 172 patients using PCR

174 confirmed viral myocarditis

H 21
Caforio et al. 2007 3.0 12.5 5.0 ND 4.0 25 ND patients
PCR using EMB samples of 99
Breinholt et al. ** 2010 82.6 ND 1 ND 19.8 2.5 ND children (3 weeks to 18 years of
age)
Evaluated CVB genomes in
Gaalouletal. 2 2014 ND 28 ND ND ND ND ND _ hospitalized patients with
inflammatory heart diseases. 1
case of CVB1, 27 of CVB3
Cooper and Discussed in Braunwald's Heart
Knowlton 2015 11-56 15-30 2-23 ND ND ND ND disease Textbook, 10th ed.

PVB = Parvovirus B; EV = Enterovirus; AV = Adenovirus; HSV = Herpes simplex virus; EBV = Epstein-Barr Virus; CMV =
Cytomegalovirus; HHV = Human herpes virus; DCM = Dilated Cardiomyopathy; EMB = Endomyocardial biopsy; PCR = Polymerase
chain reaction; CVB = Coxsackievirus B; ND = Not Determined



1.1.3 Viral myocarditis is a tri-phasic disease

The use of mouse model systems has proven useful in understanding the pathogenesis of
DCM in viral myocarditis as mouse models closely represent human cases of virus-induced
myocarditis. Three distinct immuno-virological and pathological phases of disease has been
characterized in mouse models (Figure 1).

In mice, the first stage of viral myocarditis, the acute phase, encompasses day 0 to 4 days
post infection. The acute phase is characterized by viremia, cardiomyocyte damage by viral
assault, focal microcalcification, and high viral titre in cardiomyocytes. Viral entry at day 1
introduces a set of pathogen associated molecular patterns, such as foreign single-stranded RNA
(sSRNA) and double-stranded RNA (dsRNA), that trigger various innate immune responses of
cardiomyocytes and fibroblasts, leading to macrophage activation, release of interleukin-1a (IL-
la), IL-1P, IL-2, IL-6, IL-18, tumor necrosis factor-o. (TNFa), TNFp, IFNa, IFNB and IFNy by
day 3-4 post infection 2*. The release of inflammatory cytokines and chemokines leads to the

subacute phase from day 5 to approximately day 15 post infection. The subacute phase is

characterized by the presence of viral release in the interstitium, recruitment of natural killer
(NK) cells and macrophages to sites of injury, major infiltration of antigen-specific T
lymphocytes, increase in major histocompatibility complex-I surface proteins and adhesion
molecules, and the influx of neutralizing antibodies 2> % ?’. As a consequence, total viral titres
begin to decline, leading to the chronic phase of myocarditis spanning days 15 post infection and

beyond. The chronic phase of myocarditis is characterized by immuno-competency and viral

clearance from peripheral tissues ?. However, viral RNA and viral protein may persist in heart,
spleen and lymph nodes % *. Myocardial fibrosis, calcification, ventricular dilation and cardiac

hypertrophy become evident as the inflammatory response subsides 3" *2. Sustained expression of
6



various cytokines have also been reported during the chronic stage of viral myocarditis,
suggesting that the pathological progression of viral myocarditis to DCM is mainly due to the
33

damaging effect of persistent infiltration and secretion of cytokines in the myocardium

Ultimately, heart failure is an end-stage consequence and currently can only be treated with heart

transplantation.
Days of Viral Cardiomyocyte Immune
Infection  Presence Damage Presence
Acute + 4+ + Activated Pathogen Recognition Receptors

| |

I I

I I

I |

High Titer in | ] | Macrophage Activation

Phase Cardiomyocytes | viral Induced | Il-la, IL-2, IL-6, I8,

I I IL-18, TNFB, IFNa, IFNB, IFN,y
| 1
1 1
1 1
I 1

Presence of Natural Killer T-lymphocytes

1 1
1 1
1 1
1 |
Subacute 'l? + : : Macrophage presence
Ph - Presentin | Host and Viral Induced . Recruitment of CD4* CD8* T-lymphocytes
ase i Interstitium I | Increased expression of MHC and adhesion proteins
I | Neutralizing Antibodies
1 I
1 I
1 I
______________ e e e
| 1
1 I
- | 1
1 Host Induced 1
. ’ . | i ] \
Ch ronic V\r.a\ c\eara.nce in | Myo.c.ar'd.\al Fibrosis | Diminished but persistent
peripheral tissues. . Calcification | secretion of cvtokines and
Phase RNA and VP1 presentin | Ventricular Dilation | recru'\tmento\;\ mohocvtes
heart, spleen and lymph | Cardiac Hypertrophy 1 ympnocy
node ! Heart Failure !
1 I
I 1
1 1
1

Figure 1. Viral myocarditis is a tri-phasic disease

Acute phase: Day 0-4, is characterized by viremia, virus-induced cardiomyocyte damage, and
low activation of pathogen recognition receptors and macrophages. Subacute phase: Day 4-15, is
characterized by low viral load, host- and viral-induced cardiomyocyte damage, increased
expression of MHC and adhesion proteins, and presence of natural Killer T-lymphocytes,
macrophages, CD4" CD8" T-lymphocytes and neutralizing antibodies. Chronic phase: Day 15 —
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beyond, is characterized by viral clearance, host-induced myocardial damage and fibrosis, and a
diminished, but persistent, secretion of cytokines and recruitment of lymphocytes. RNA and VP1
may still be detected in infected tissues of the heart, spleen and lymph nodes.
114 Treatment

Treatment for viral myocarditis is currently aimed mostly at symptoms and signs of heart
dysfunction. Patients presenting symptoms of end-stage DCM typically have rather unfortunate
outcomes, with a five-year survival in biopsy-proven myocarditissDCM to be approximately
50%. Currently, patients may either be given supportive therapy for left ventricular dysfunction

or a heart transplantation, which in itself significantly lowers quality of living.

Mechanical circulatory supports for heart function aids in the recovery of myocarditis.
Although such supports cannot cure myocarditis itself, the devices allow avoidance of fatality
and increase the survival longevity of patients, especially in those with cardiogenic shock. A
myocarditis and acute cardiomyopathy 2 (IMAC2) study showed that myocarditis was the
strongest predictor of bridge to recovery in recent onset non-ischemic cardiomyopathy (ROCM)
patients requiring the support of left ventricular assist devices (LVADs). Furthermore, female
sex was associated with even greater likelihood of BTR in myocarditis patients on LVAD
support **. As for fulminant myocarditis, a ventricular assist device is associated with complete

% Moreover, external pulsatile mechanical ventricular

recovery of myocardial function
assistance also improves survival in patients with acute myocarditis *°. If myocarditis leads to

end-stage heart failure, cardiac transplantation is the ultimate measure that should be considered
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Specific anti-viral drugs for viral myocarditis have also been developed and evaluated in
animal models and in clinical trials. These drugs include Isoxazoles (WIN54954) and Pleconaril
(VP63843) ** ¥ |soxazoles block viral enterovirus uncoating and have been shown to have
beneficial effects, while Pleconaril experimentally binds a hydrophobic pocket in viral capsid
protein 1 (VP1) in order to block viral attachment and entry ¥ %%, Previously, Pleconaril failed
to secure the approval of the Food and Drug Administration because Pleconaril introduced
Cytochrome P450 3A (CYP3A) activity and potentially interfered with oral contraceptives **.
Research involving the efficacy of Pleconaril remains to be ongoing for the treatment of viral-
myocarditis. An exhaustive list of animal studies or clinical trials of anti-viral treatments to viral
myocarditis is provided (Table 2). Insofar, no anti-viral agents are currently available for clinical
treatment of myocarditis due to challenges such as drug efficacy and delivery. Furthermore,
attempts to design a fully effective vaccine for enterovirus infections have not been completely
successful, likely due to the high fidelity of viral RNA-dependent RNA-polymerases leading to

increased rates of adaptive mutations.

Taken together, different strategies for the therapy of myocarditis have been introduced, but
most are still yet to be verified in the research laboratory and are far from clinical application. As
well, most clinical assessments performed regarding myocarditis treatment are still related to
symptoms and depend much on the clinical presentation. Development of new monitoring and
therapeutic techniques, such as molecular diagnoses, nucleic acid-based anti-viral drug
development and targeted drug delivery will greatly enhance the therapy for myocarditis in the

future.



Table 2. Studies of anti-viral and immunomodulatory treatments for myocarditis

Research Compound Model Results Ref.
Phase
IFN-B CVB3 confirmed patients Total viral clearance, improved LV function 42
Pleconaril Enterovirus infected human Full recovery 3
neonates
= Yiai General viral induced
T Yangxin/Sheng i Increase heart function 4
S . myocarditis in humans
= song yangxin
IS = - - —
= Azathloprlne & | Viral & non-v!ral myocarditis Increase LVEE 45
S Prednisone patients
IVIG Children with fulminant Increase LV function 46
myocarditis
E Chronic HF patients, murine Decrease hospitalization, mast cell-derived 27
plerenone - - Lo .
myocarditis proteinases & cardiac fibrosis
IFN-B CVBS3 infected mice Reduced cardiac viral load 48
IFN-a CVB3 infected mice Prevent myocardial injury, reduce inflammation 48
Ganciclovir CMV-lnduc%ii(r::yocardltls n Reduced myocarditis severity 49
Cidofovir CMV-|nduc?Tc]1|i(r::yocard|t|s n Reduced myocarditis severity 49
WIN 54954 HRV-14 infected mice Inhibition of viral repllcayon, decrease overall 50
mortality
. Upregulate IFN-y, reduce mononuclear infiltration
AStra?f‘/IOS'de CVBS3 infected mice and fibrosis in the myocardium, increase survival | 3%
rate
Sophoridine CVB3 infected mice Attenuates myocardial fibrosis, induce I1L-10, IFN- 53
y, decrease TNF-a
Phylla%mbllcm CVBS3 infected mice Alleviate pathological damage in the myocardium 5
2 Amlodipine Viral-induced HF in mice Decrease overexpression of nitric oxide %
38 General
£ A .
= antisense Cultured mammalian cells, . L 56
< : - Attenuate viral replication
c oligodeoxynucl mouse myocarditis models
'E eotides
NSAID Viral infected mice Increase myocardium inflammation and mortality | "%
sﬁl;lﬂ?_ffr CVBS3 infected mice Reduce CVB3-induced myocarditis %
Captopril CVB3 infected mice Ameliorate inflammation, necrosis and myocarditis| %
Losartan Mice with viral and Ameliorate inflammation, necrosis and fibrosis 62,63
autoimmune myocarditis
. . . Suppress LV fractional shortening, heart rates, LV
. Mice with experimental : . - 64
Carvedilol . L wall thickening, and myocarditis, decrease heart
autoimmune myocarditis : ) .
rate, decrease inflammatory cytokine expression
Peptide-
conjugat_ed CvBs |nfect_ed mice and Decrease viral titre and cardiac tissue damage 65
morpholino mammalian cells
oligomers
Emodin cves mfect!ad mice and Inhibit viral protein synthesis, enhance survival 66
mammalian cells
o o Isatin CVB3 infected cultured Activates ER stress-mediated responses, inhibit 67
=2 derivative 45 mammalian cells viral replication
>3 58,59, 70
& 2 CAR-Fc, DAF- . . . .69, 70,
£5 Fo Cultured Mammalian cells Attenuate viral replication 7
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IFN = Interferon; CVB3 = Coxsackievirus B3; LV = Left ventricle; CMV = Cytomegalovirus;
HRV = Human Rhinovirus; IL = Interleukin; TNF = Tumor necrosis factor; CAR =
Coxsackievirus and adenovirus receptor; Fc = Fragment crystallization; DAF = Decay
accelerating factor; EF = Ejection fraction; NSAID = Nonsteroidal anti-inflammatory drug; IVIG
= Intravenous immune globulin; SiIRNA = small interfering RNA; TIMP-1 = Tissue inhibitor of
metalloproteinase 1; HF = Heart failure
1.2 Coxsackievirus
1.2.1 History and classification

In an attempt to search for a “parapoliomyelitis virus” during the 1940’s, when epidemics
of paralytic poliomyelitis in the United States of America was present, Dr. Gilbert Dalldorf
isolated viruses from two children exhibiting poliomyelitis-like symptoms "%, These isolated
viruses constituted a new group of enteroviruses called coxsackie, in recognition of a small
village located on the Hudson River, south of Albany, in which the two children were residents
”® These coxsackieviruses were unique in a way that they could not be neutralized by antisera
against poliovirus, and that coxsackievirus had the ability to grow in mice, while poliovirus have

not been demonstrated to grow in mice "

. However, further serologic tests for specific
neutralizing antibodies against Coxackieviruses in 8477 patients showed significantly altered
titers in 0.9% of patients suspected to have heart disease, of which 12% were cases of definite

myopericarditis

. In addition, 41% of 1980 cases of suspected myalgic encephalomyelitis
yielded seropositive results for coxsackieviruses "*. These studies formed the initial correlations
between various forms of heart failure and coxsackievirus type B serotypes.

During the characterization of these coxsackieviruses in mouse models, Dalldorf and his
colleagues noticed that a subset of the coxsackieviruses induce skeletal muscle destruction and

ultimately fatal paralysis of infected newborn mice ™. This outcome was distinct from other

isolates of coxsackievirus, and thus resulted in two classifications of coxsackieviruses, type A
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and type B. Type A refers to strains that cause general myositis and now include 23 different
serotypes, whereas type B includes 6 different serotypes causing infection in many different
organs of newborn mouse, leading to a more slower, spastic paralytic death (5-7 days) with
destruction of pancreatic acinar cells, cardiomyocytes, hepatocytes, lesions in the central nervous
system, adrenal tissue, and focal myositis. Of the type B serotypes, coxsackievirus type B (CVB)
1, 3 and 5 resulted in viral myocarditis, with CVB3 being the most prominent type of virally-
induced cardiomyopathy ™ "®. Soon after the discovery of coxsackie serotypes, researchers
began avoiding the investigation of these viruses due to dismal outcomes in infected patients *°.
Furthermore, funds to study these viruses decreased significantly once a vaccine for polioviruses
had been discovered '" "8, However, these vaccines were not entirely effective for coxsackievirus
serotypes, thus coxsackievirus infections remain a globally spread virus in the 21% century *°.
1.2.2 Properties

CVB3 is a non-enveloped, single-stranded, positive-sensed RNA virus. The viral genome
IS ~7,400 bases in length and comprises of a single open reading frame (ORF) encoding 11 viral
proteins, flanked on both 5’ and 3’ ends by untranslated regions (UTRs). The 5’UTR contains
~800 bases that is spontaneously folded into conserved secondary structures comprising an
internal ribosomal entry site (IRES) that directs viral genome translation initiation in a cap-
independent manner " # 8 While eukaryotic messenger-RNA (MRNA) contains a 5°-7-
methylguanosine triphosphate cap, CVB3 5’-UTR contains a small viral polypeptide, VPg (also
known as the non-structural protein 3B), that similarly blocks from endonuclease activity and
serves to prime the viral RNA-dependent RNA-polymerase 3D for viral replication % 8% 8

Furthermore, the 3°-UTR of CVB3 is poly-adenylated, similarly to eukaryotic mRNA #°.
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The translation of the viral transcript produces a single polypeptide that codes for 4
structural proteins (VP1, VP2, VP3 and VP4), two viral proteases (2A and 3C), an RNA-
dependent-RNA-polymerase (3D), a small peptide for RNA synthesis initiation (3B, or VVPg), an
ATPase (2C), and two host membrane modifiers (2B and 2A) (Figure 2). The process of
generating individual viral proteins requires the formation of three functional intermediates;
2BC, 3AB and 3CD ®. Ultimately, viral proteins and transcripts are packaged into a tight

icosahedral capsid ~30nm in diameter composed of the 4 structural proteins %%,

A CVB3 RNA genome
5'UTR 3’ UTR
T e T T N N
Poly-(A) tail
2Ap Cleavage site 3Crre Cleavage site

i D N
Polyprotein _ 2a | 28 [ 2c | 3a | 38 | 3c | 30 |
L1 1 N N N O

3Crre Cleavage site

: ~ > -
e, || ]

----| aa |[ 28 || 2c |[ 3a || 38 |[ 3¢ || 30 |
| || |

Structural Proteins Non-structural Proteins

Figure 2. CVB3 genome schematic and post-translational cleavage of CVB3 polyprotein by

virus-encoded 2AP" and 3CP™

A) Virus single-stranded RNA genome is represented with a poly-adenylated (A) tail, 5°- and 3’-
untranslated region (UTR), and viral genes labeled in the open reading frame. B) Translated
Polyprotein is shown including the encoded cleavage site for viral polyprotein maturation. C)

pro

Viral polyprotein is cleaved between VP1-2A by 2A"" to generate P1 and P2 precursor
polyproteins, while 3CP° cleaves between 2C-3A to generate the P2 and P3 precursor
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polyproteins. D) Precursor polyproteins are further processed by 3CP™-induced cleavage to

generate the individual viral proteins.

1.2.3 Proteolytic cleavage of host proteins by viral proteases

Virally encoded protease 2A and 3C are responsible for proper splicing and maturation of
the viral polyprotein. However, it is well established that viral protease 2A and 3C also play a
critical role in the molecular pathogenesis of virus-induced cardiomyopathy by targeting key host
proteins to promote viral replication (Table 3). For example, 2A partly inhibits host cap-
dependent protein translation during CVB3 infection by directly cleaving eukaryotic initiation
factor (elF) 4Gl and 4G11 %. In addition, 2A also selectively targets serum response factor (SRF)
leading to the dysregulation of critical cardiac regulatory factors, including those involved in the
contractile apparatus of cardiomyocytes . Furthermore, 2A cleaves cardiac cytoskeletal proteins
such as dystrophin, resulting in compromised cytoskeletal integrity contributing to DCM &. On
the other hand, viral protease 3C has been shown to cleave mitochondrial anti-viral signaling
protein (MAVS), Toll/Interleukin-1 receptor domain-containing adaptor inducing interferon-beta
(TRIF), and melanoma differentiation-associated protein 5 (MDADS) as a strategy to evade host
anti-viral responses 8 A large list of proteins has been demonstrated to be targeted by viral
protease 2A and/or 3C, however an updated analysis of CVB3 protease targets is long overdue
% Recently, Jagdeo et al.** used terminal amine isotopic labeling of substrates (TAILS), a large
scale screen for identifying novel targets of proteinases, to determine substrate proteins of
poliovirus proteases. The other attempt to solve the targeting specificity of picornavirus
proteases utilized a surface exposure prediction algorithm that was made publically available for
researchers to identify  potential cleavage sites of proteins of interest

(www.cbs.dtu.dk/services/NetPicoRNA/) . However, this software remains inaccurate and is
14



based on outdated algorithms of general picornavirus proteases, rather than specific strains. Thus
researchers can easily miss true protein targets, while observing large lists of potential cleavage
sites of false positives. A demand remains to be filled by novel screening methods to identify
target proteins under CVB3 infection. Understanding the full spectrum of target proteins may

shed light on the importance of specific cellular stress responses that contribute to DCM.
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Table 3. Enteroviral proteinase targets

Proteinase Virus SSr;rE)%I Full Gene Name Ref.
® 2A PV, EV71 MDAS5 Melanoma Differentiation-Associated protein 5 88 %2
..E 2A, 3C C\E/\I?:?Ballf/V MAVS Mitochondrial antiviral signaling 89,92,93
= 3C CVB3, PV, EV71 RIG-I Retinoic acid-inducible gene 1 88 o4
% 2A, 3C EV71 NLRP3 NACHT, LRR and PYD domains-containing protein 3 %
© 3C EV71, CVB3 TRIF TIR domain-containing adaptor inducing beta interferon %
2A PV DCP1la mRNA decapping enzyme 1A o7
% 8 3C PV La/SSB Lupas autoantigen/Sjogren syndrome antigen B %
5 § 2A CVB3 p62/SQSTM1 Sequestosome 1 %
% &l 2a3c CvB3 NBR1 Neighbour of BRCA1 gene 1 100
3C CVB3 RIP3 Receptor interacting protein kinase-3 to1
2A CVB3 Dysferlin Dysferlin 102
‘_E g 2A CvB3 Dystrophin Dystrophin 8
g E 2A HRV Cytokeratin 8 Cytokeratin 8 103
3C PV MAP-4 Microtubule-associated protein 4 104
3C PV Oct-1 Octomer binding transcription factor 105
2A PV TBP TATA-binding protein 106
3C PV TFIIIC Transcription factor for polymerase 111 A 107
s 3C PV CREB cAMP response element-binding protein 107
gl 2A CvB3 SRF Serum response factor 8
% 3C CVB3 AUF1 (AU)-rich element RNA binding factor 1 108
= 3C PV PTB Polypyrimidine tract-binding protein 109
3C PV hnRNP M Heterogenous nuclear ribonucleoprotein M 68
2A PV Gemin3 Gemin3 1o
3C CVB3 TDP-43 Transactive response DNA-binding protein-43 1
2A %\\//S’f E\\// elF4Gl, -1 Eukaryotic initiation factor 4Gl, -1 12,113
< 2A, 3C CVB3, PV PABP Poly-A binding protein 14
c_E 2A CVB3 DAP5 Death-associated protein 5 15
g 3C CVB3, PV, HRV elF5B Eukaryotic initiation factor 5B 197
" 3C PV PCBP Poly(rC)-binding protein 116
3C PV, HRV p65-RelA Nuclear factor (NF)-i-B p65 subunit w
3C CVB3 IKBa Inhibitor of kBo. 18
5 2A, 3C CVB3 GAB1 Growth factor receptor bound 2-associated binding protein 1 92, 119
g 2A HRV Nup Nucleoporin 120
3C PVEJE;/\?B G3BP1 Ras-GTPase Activating Protein SH3 binding protein 1 97,121,122

CVB3 = Coxsackievirus B3; PV = Poliovirus; EMCV = Encephalomyocarditis virus; EV =

Enterovirus; HRV = Human Rhinovirus
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1.3 Stress granules
1.3.1 Definition and composition of stress granules

Cells respond to various insults including heat, oxidative stress, nutrient starvation,
proteotoxic stress, and viral infection by forming cytoplasmic nucleoprotein aggregates termed
stress granules (SGs) 2> 12412516 Multiple RNA-binding proteins localize to SGs, and some
have been used as markers for these cytoplasmic bodies. Although the formation of SGs in live
cells can be detected by monitoring a plethora of proteins documented to localize to SGs using
fluorescence-tagged protein markers, biochemical isolation of SGs is notoriously challenging
due to its non-membranous property and the overall heterogeneity during cellular stress.
However, a recent breakthrough by Jain et al.**’ has shown that SGs are composed of stable
protein cores that contain a large set of RNA-binding proteins, poly-adenylated mRNA, stalled
translation initiation factors, heat shock proteins, DEAD-box proteins, DNA/RNA helicases, and
many other proteins previously not demonstrated to localize to SGs, some of which remain to be
verified.

SG formation has been interpreted as a response that prevents the generation of abnormal
proteins by transient stalling of translation in times of cellular stress. Stalled transcripts undergo
translation upon recovery from stress, or alternatively they are degraded in another granular
compartment termed the processing body (P body) *?® ', However the mechanism underlying
the proposed exchange of mMRNA and proteins is unclear. SG proteins, as defined by studies

130

using proteins characteristic to SGs as markers ~*, are either diffusely distributed in the

cytoplasm or localized in the nucleus in normal conditions, followed by aggregation in the
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cytoplasm during cellular stress *#* 31 Currently, the list of proteins with demonstrated SG

localization during cellular stress is growing rapidly (Table 4).

Table 4. Protein components of stress granules

Gene symbol Full Gene Name Functions Ref.
Xrnl 5'-3' Exoribonuclease 1 5'-3' exonuclease 132,133
TTP Tristetraprolin ARE-mediated mRNA decay 132
BRF1 Butyrate response factor 1 ARE-mediated mRNA decay 132

Caprin-1 Cell Cycle Associate protein 1 Cell growth, SG assembly 136, 137
ZBP1 Z-DNA-binding protein 1 DNA sensor, translational regulator 138, 139
G3BP1 Ras-G'(Ij’(ljre;?aei-;l_cbtiixgtiLnggpﬁgcige;:]n SH3- Endonuclease, Ras signaling, SG assembly 140
phospho-elF2a. eukaryotic translation initiation factor 2A Initiation factor 132,141
elF4G eukaryotic translation initiation factor 4G Initiation factor 123
HUR/ELAVL1 Hu antigen R/E;)‘:)‘t\éi'rl]”;e RNA-binding mMRNA stability, translation regulator 123,142
PABP1 PolyA binding protein 1 mRNA stability, translation regulator 131
elF3 eukaryotic translation initiation factor 3 Multisubunit initiation factor 123

RAP55/LSM14A RNA-associated protein 55 PB assembly, antiviral activity 138,143
CPEB Cytoplasmit():iggil%/gd;rrg(lﬁaion element Polyadenylation, translation regulator 144
DDX3 DEAD box helicase 3 Polyadenylation, translation regulator 145,146
40S Eukaryotic small ribosomal subunit Ribosome 123

ADAR Adenosine deaminase, RNA-specific RNA editing, RNA stability 147
DDX6/RCK DEAD box helicase 6 RNA helicase, antiviral activity, PB assembly 144,148
RHAU/DHX36 RNélzﬂézﬁggiﬁigéidpﬂgi':‘;JG' rich RNA helicase, SG assembly, antiviral activity 149,150
SMN Survival of motor neuron RNA metabolism, SG assembly 151, 152
Ago2 Argonaute RISC catalytic component 2 RNA silencing, Processing body assembly 153, 154
STAU1 Staufen dSRNA binding protein 1 RNA transport, SG assembly 155
FAST Fas-activated Ser/Thr kinase Splicing regulator 132
TDP-43 Transactive r;:rsoplg?ns_e‘l?NA binding splicing regulator 156
OGFOD1 2&?%%1\”;?5;%%2?; rc(z)nn_g ?ﬁ?nn;elm Translation regulator 157
TIAR TIA-1-related protein Translation regulator 131
Puml Pumilio RNA-binding family member 1 Translation regulator, cell growth 158
HDAC6 Histone deacetylase 6 Translation regulator, SG assembly 159
Pum2 Pumilio RNA-binding family member 2 Translation regulator, SG assembly 160
TIAL T cell restricted intracellular antigen-1 Translation regulator, SG assembly 131, 161
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1.3.2  Stress granule activation and formation

A common event downstream of cellular stress conditions is phosphorylation of elF2a at
serine 51, which is considered to be an initial trigger for SG formation. Four Kkinases are
responsible for elF2a phosphorylation under different cellular stresses; these include heme-
regulated inhibitor (HRI) in response to heat shock, oxidative and osmaotic stress, protein kinase
R (PKR) in response to foreign dsRNA including viral RNA, PKR-like endoplasmic reticulum
kinase (PERK) in response to ER stress and hypoxia, and general control non-derepressible-2
(GCN-2) in response to nutrient deprivation 6% 163 164 165,166,167, 168, 169, 170, 171, 172 Fjg ) re 4). The
mechanisms that connect elF2a phosphorylation to SG formation remain to be elucidated.

Some proteins have been shown to be crucial for the formation or stability of SGs. These
include Ras-GAP SH3 domain binding protein-1 (G3BP1), a phosphorylation-dependent

endonuclease 1417

, and T cell restricted intracellular antigen-1 (T1A1) and TIA-related protein
(TIAR) that are collectively termed TIAL/TIAR 3" 1% Of these, G3BP1 has been the most
widely studied and commonly used as a molecular marker of SGs. Removal of these regulators
by genomic deletion or RNA-interference (RNAI) blocks SG formation by sodium arsenite *°.
However, due to analytical constraints, the molecular machinery underlying the formation of

SGs remains unclear.
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Figure 3. Protein translation inhibition and stress granule formation during cellular stress
elF2a phosphorylation occurs via 4 kinases: Protein kinase R (PKR), in response to foreign

dsRNA, Protein kinase RNA-like endoplasmic reticulum kinase (PERK), in response to ER-
stress, general control non-derepressible-2 (GCN-2), in response to nutrient deprivation, and
heme-regulated inhibitor (HRI) in response to heme deficiency in erythroid cells.
Phosphorylation of elF2a results in protein translation inhibition by depleting cellular
concentrations of elF2-GTP-met-tRNA;, ultimately leading to G3BP1 aggregation and SG
formation. SG formation plays a cytoprotective role against cellular stress and has been

implicated in translational reprogramming, antiviral responses and even cancer metastasis.

20



G3BP1 contains an internal RRM (RNA recognition motif) domain for protein-RNA
interaction, as well as an NTF2 (nuclear transport factor 2)-like domain for protein-protein
interaction '*°. G3BP1 mutants lacking the NTF2-like domain fail to form G3BP1-SGs,
suggesting that the role of the NTF2-like domain to undergo intra- and inter-molecular
interactions is critical to SG formation. In addition, homogeneously diffuse cytoplasmic G3BP1
contains a constitutively phosphorylated serine residue at position 149 at resting states *.
During cellular stress, S149 is dephosphorylated, inducing a conformational change that permits
protein aggregation in a fashion similar to that of prion aggregation " . A constitutively
phosphorylated mutant form of G3BP1 (S149E) acts as a dominant inhibitor against SG

formation %

. Disrupted G3BP1 aggregation results in the failure to successfully mount
downstream responses such as innate immune activation *’*. Therefore, G3BP1 plays particularly
significant roles in SG formation and function, and is indispensable during cellular stress.

SGs were initially hypothesized to function in translational repression *’, however it
appears that SG are not required for global translation repression '’®. Therefore, SGs are
currently hypothesized to reprogram mRNA transcription and protein translation during cellular
stress. Furthermore, cells demonstrating impaired SG formation fail to sequester apoptotic
regulatory proteins, suggesting a vital role of SGs in the regulation of apoptosis ’’. However,
detrimental SGs hypothesized to possess a toxic gain-of-function have been implicated in
neurodegenerative diseases *”°. It is also speculated that aberrant sequestration of RNA-binding
proteins to SGs results in a nuclear loss-of-function contributing to disease pathogenesis .

Lastly, SGs sequester many cancer-associated RNA-binding proteins and have been

demonstrated to be co-opted to support oncogenesis and metastasis *”°. The overall significance
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and function of SGs are likely underscored, as SGs are highly dynamic and heterogeneous
cellular components that remain poorly understood.
1.3.3 Role of stress granules in viral infection

In the case of viral infection, an increasing amount of literature have demonstrated a key
role for SGs in anti-viral defense mechanisms, where anti-viral factors such as retinoic acid-
inducible gene-1 (RIG-I)-like receptors (RLRs) utilize SGs for aggregation and localization to
mitochondrial surfaces for signal amplification, ultimately inducing activation of interferon-
stimulated genes 4% 180 181182183 "Eailyre to induce SG activation during infection results in
attenuated anti-viral immune activation of IL1-a, IL1-B, IL-6, IFN-a, IFN-p and CXCL-10 **,
The disruption of SG formation and function is therefore vital for host survivability during
pathogen invasion. Many pathogens have developed mechanisms to evade anti-viral SG
responses by preventing SG assembly, or actively targeting key nucleating proteins to
disassemble SGs using viral proteases 8%+ 18 Currently, multiple mechanisms by which viral
pathogens may inhibit SG formation and function have been documented. These include a
multitude of mechanisms that inhibit eIF2a phosphorylation (Sendai virus ** ¥, Measles virus

191

188 Influenza virus ¥ ¥ 0 junin virus 1Y), caprin 1 blockage (Japanese Encephalitis Virus

138y "and active disassembly of transient SGs (Poliovirus " 2, Encephalomyocarditis virus %,

Sindbis virus % 1%, Reovirus %% 1%

). In contrast, there have been a few cases of viral pathogens
that usurp SG factors to benefit viral replication. West Nile virus and Dengue virus have
previously been shown to recruit TIAL/TIAR to replication complexes to facilitate viral

replication '* 1. Taken together, while some invading viral pathogens disrupt SG formation

and function in order to block the activation of innate immune responses, other pathogens have
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developed mechanisms to utilize SG and their respective components to benefit viral replication,
contributing to detrimental outcomes related to viral pathogenesis.
1.3.4 Transactive response DNA binding protein-43 and stress granules

Transactive response DNA-binding protein-43 (TDP-43) is a heterogeneous
ribonucleoprotein (hnRNP) that plays a critical role in RNA processing through interacting with
ribonucleoprotein complexes in the nucleus to regulate transcription and pre-RNA maturation of
selected RNA %7 1 |t has been demonstrated that during cellular stress and under diseased
states TDP-43 translocates from the nucleus to the cytoplasm '*°. Among the many SG-
associated proteins already mentioned, TDP-43 localization to SGs has been strongly associated
with cytotoxic affects and the progression of diseases, such as amyotrophic lateral sclerosis
(ALS) and frontotemporal lobar degeneration (FTLD) ?®°. However, the interaction between viral

infection and TDP-43 remains largely unknown.

1.4 Autophagy
1.4.1 Autophagy activation and function

Autophagy is cellular self-digestion, a catabolic process that frees up vital nutrients and
recycles organelles through lysosome-mediated degradation. Autophagy is capable of both bulk
degradation and selective degradation of polyubiquitinated protein aggregates including SGs
202 - Autophagy is required for the baseline function of cells and plays a key role in the
maintenance of cellular homeostasis. Basal levels of autophagy are necessary to promote the
turnover of misfolded proteins and damaged mitochondria 2°* ?*. If basal autophagy is inhibited,

unresolved toxic protein aggregates and malfunctioning mitochondria accumulate within the

cells, contributing to cell stress and consequently resulting in severe pathologies 2*°. Autophagy
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can also determine whether a cell subjected to chronic stress either continues to survive or
commits to programmed cell death, or apoptosis. When promoting survival, autophagy targets

proteins for turnover and spares the mitochondria 2%

. However, under prolonged stress,
autophagy can co-operate with apoptosis to promote cell death ?°" 2%, Therefore, in addition to
maintaining cellular homeostasis, autophagy is a general stress-coping mechanism.

Autophagy is activated by multiple pathways depending on the context of multiple stress
responses. These pathways include the class 11l phosphatidylinositol-3-kinase Vps34, ATG1
(regulated via the mammalian target of rapamycin [MTOR] pathway), and ATGS8/LC3-I
lipidation. Yeast and mammalian models that harbor a nonphosphorylatable mutant of elF2a at
residue S51 fail to successfully mount an autophagic response under nutrient deprivation,
suggesting that elF2a and its respective kinases may play a critical role in regulating autophagy
activation. Furthermore, signal transducer of activation 3 (STAT3) represses autophagy via
direct binding with PKR, thus inhibiting PKR kinase activity on elF2a S51 *®°. STAT3 knockout
mice and cell cultures treated with STAT3 inhibitors exhibit elevated levels of autophagy via
activation of PKR and subsequent phosphorylation of eIF2a ?°°. The cellular adaptation of post-
translational regulatory mechanisms to mount immediate autophagic responses suggests that
autophagy plays a multifaceted role in cell survival.

Autophagy, while primarily being known as a starvation response mechanism, plays
important roles in numerous forms of cellular functions. During starvation, the mTOR pathway
senses amino acid and ATP levels, inducing autophagy when these components are low 2.
Moreover, following detection of pathogens using pathogen recognition receptors (PRRS),
autophagy is induced for the targeted clearance of certain bacteria and viruses *** #2. When a cell

experiences stress as a result of DNA damage, the activation and nuclear localization of tumor
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suppressor p53 induces autophagy to promote cell survival during growth arrest . Similarly,
autophagy induced by PERK signaling reinforces cell survival during oxygen deprivation or
hypoxia 4. Hypoxia and DNA damages are often associated with oxidative stress, a condition
characterized by the production of toxic reactive-oxygen species (ROS). On its own, the
autophagic adaptor, p62, combats oxidative stress by activating nuclear factor erythroid 2-related
factor (Nrf2), a transcription factor that induces expression of anti-oxidant proteins **°>. The ROS
generated by oxidative stress are associated with increased autophagy. Taken together,
autophagy plays a crucial role in maintaining normal cellular function during physiological
challenge.
1.4.2 Autophagy and stress granules

SG degradation has been shown to occur via autophagy in a process referred to as
granulophagy '®3. The targeting of SGs to the autophagic pathway depends on the function of
valosin containing protein (VCP). Failure of autophagy to recruit SGs has been associated with

P 292 Other studies have demonstrated a vital link between

pathological mutations of VC
autophagic activity and SG formation and degradation **°. Moreover, dysregulation and aberrant
accumulation of SGs are speculated to be a contributing factor to downstream cytotoxic effects
217 Thus, formation and degradation of SGs may be a fine balance, where initial SG formation
may play a cytoprotective role in the face of environmental challenge; however, persistent
formation or the dysregulate clearance of SGs may result in a toxic gain-of-function, contributing
to disease progression. Therefore, regulation of SG formation and degradation by autophagy is
critical to cell viability. On the other hand, the reciprocal role that SGs may play in regulating

autophagy remains to be investigated and may contribute significantly to the understanding of

diseases development.

25



1.5 Rationale, hypothesis and specific aims
SGs formation and function are associated with vital cytoprotective roles during cellular

stress. In response to viral infection, SGs have been shown to play both anti-viral "%

and pro-
viral functions ** '*. On the one hand, cells exposed to certain viral infections have been
demonstrated to induce SG accumulation, leading to activation of innate immune responses %
149,181,182 On the other hand, some viruses can adapt mechanisms to usurp the components of
SGs for the advantage of their viral replication ** **°. However, the effect of CVB3 infection on
SG formation/function and the role of SGs in CVB3 infection are largely unclear. Understanding
the host-pathogen interaction between CVB3 and cellular SG may shed valuable insight on
virus-induced cardiomyopathy.

As an important protein in regulating RNA processing, the function of TDP-43 in viral
infection, in particular, CVB3 infection, has not been previously studied. In addition,
translocation of TDP-43 from the nucleus to cytoplasmic SGs has been strongly associated with
cell death and disease progression 2%, However, its role in CVB3-induced pathogenesis has not
yet been studied.

Finally, degradation of SGs has been shown to be, in part, due to autophagy '**. Given
that cellular stress responses such as autophagy and SGs share common activation pathways, and
are likely interconnected in function and activation, we speculate that SGs may also play a role
in the regulation of autophagy. However, no studies have been previously reported in this regard.

My hypotheses in this dissertation are: (1) CVB3 infection dysregulates the formation
and function of stress granules by targeting G3BP1 and TDP-43 to promote viral
replication and contribute to viral pathogenesis; and (2) G3BP1, as a key component of

SGs, plays an important role in the regulation of autophagy.
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1)

2)

3)

To address these hypotheses, my specific aims are:
To determine the interplay between CVB3 infection and the formation and significance
of SGs (Chapter 3).

| examined the impact of CVB3 infection on SG dynamics (assembly and
disassembly) and explored the possible mechanisms involved. | also assessed the effects
of modulating critical SG components on viral replication.
To determine the interaction between CVB3 infection and the DNA/RNA binding protein
TDP-43 (Chapter 4).

| examined the effect of CVB3 infection on TDP-43 localization and protein
expression, and investigated the mechanisms by which CVB3 dysregulates TDP-43. |
also determined the significance of TDP-43 in regulation of CVB3 infection.
To elucidate the role of G3BP1-SGs in regulating autophagy (Chapter 5).

| examined the effects of overexpression and knockdown of G3BP1 on p62
degradation and LC3-1/LC3-Il conversion in response to starvation. | also assessed the
influences of overexpression and knockdown of G3BP1 on autophagic flux (fusion of
autophagosomes with lysosomes and autophagic degradation activity). Furthermore, |
used a quantitative proteomics approach to identify G3BP1 binding partners and explored

the potential mechanism by which G3BP1 regulates autophagy.
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Chapter 2: Materials and Methods

2.1 Cell culture, animal protocol, and viral infection

HeLa and HEK?293 cells (American Type Culture Collection) were grown in Dulbecco’s
modified Eagle’s medium (DMEM, Thermo Cat. #SH30243.01) supplemented with 10% heat-
inactivated newborn fetal bovine serum (FBS, Life Technologies Cat. #12483-020).

Isolation and culture of primary neonatal mouse cardiomyocytes were performed as

described previously %°,

Briefly, neonatal cardiomyocytes were obtained by enzymatic
dissociation of cardiac ventricles from 1-2 day old A/J mouse neonates. Non-myocytes were
removed via two rounds of pre-plating on culture dishes and cytosine 1-B-D-arabinofuranoside
(Sigma-Aldrich, #C1768) was added to inhibit the growth of contaminating non-myocytes. The
enriched cardiomyocytes were cultured in DMEM with 10% FBS and 10% horse serum.

CVB3 viral infections were performed by incubating HeLa and HEK293 cells with
CVB3 (Kandolf strain) at multiplicities of infection (MOI) of 10, unless otherwise indicated, for
1 hour in serum free DMEM. After 1 hour, the medium containing virus was then replaced with
10% FBS supplemented DMEM for the remaining time points indicated. Sham infected cells
were treated with equal volumes of phosphate-buffered saline (PBS).

For experiments involving Z-VAD-FMK, a broad caspase inhibitor, when virus-
containing medium was replaced after 1 hour post-infection, 10% FBS supplemented medium
was treated with 50 uM Z-VAD-FMK (BD Biosciences Cat. #550377). For experiment
involving MG132 or Bafilomycin Al (BAF), when FBS-containing medium was replaced after 6

hours transfection, 10% FBS supplemented medium was treated with titrating concentrations of

MG132 (Sigma-Aldrich, Cat. #C2211) as indicated or 20 nM BAF for 16 hours.
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CVBa3 infection of A/J mice, ~5 weeks of age was performed via intraperitoneal injection
with 10° plaque-forming units (p.f.u.) of CVB3 or sham infected with PBS. After 9 days, mice
hearts were harvested for protein analysis. These studies were performed in strict accordance
with the recommendation 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.

2.2 Plasmids, siRNA and transfections

Plasmid encoding GFP-G3BP1 was a generous gift from Dr. Jamal T. at the Institut de
Génétique Moléculaire de Montpellier, France. Plasmids of the viral protease 2A driven by the
IRES promoter were designed by cloning the open reading frame (ORF) of 2A into the BamHI
and Sall sites of the pIRES vector, while 3C-ORF was cloned into the Xbal and Sall restriction
sites. N-terminus of G3BP1 (amino acid 1-325) and C-terminus of G3BP1 (amino acid 326-466)
were cloned into the p3xFLAG-CMV vector. The HA-tagged TDP-43 construct was used as the
template to generate the HA-TDP-43-N;.32; and HA-TDP-43-Cgz8.414 constructs. The HA-TDP-
4392 GFP mutant was established to replace the 327 glutamine (Q) of wild-type TDP-43 at
amino acid 327 with leucine (L). The small interfering RNAs (siRNAs) against human G3BP1
(siG3BP1) and human TDP43 (siTDP43) was purchased from Santa Cruz and Dharmacon (#L-
012394), respectively. Transient transfection was conducted using Lipofectamine 2000
(Invitrogen, #11668019) and Oligofectamine (Invitrogen, #12252-011) according to
manufacturer’s protocol. Cells were grown at a confluence of ~90% were transiently transfected
with plasmids using Lipofectamine 2000 for 24 hrs. siRNA transfections were performed on

HelLa cells at 30-50% confluence using Oligofectamine (Life Technologies) for 48 hrs.

29



2.3 Western blot analysis

Cells were harvested with lysis buffer (250mM NaCl, pH 7.2, 50mM Tris-HCI, 0.1% NP-
40, 2mM EDTA, and 10% glycerol). Equal amounts of proteins were loaded for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The membranes were blocked for 1 hr
with 5% non-fat dry milk solution containing 0.1% tween-20. The blots were incubated in 1 hr of
primary antibody diluted in 2.5% non-fat dry milk solution containing 0.1% tween-20, washed 3
x with TBS-T, followed by another 1 hr incubation in secondary antibody. Immunoreactive
bands were visualized by enhanced chemiluminescence.
2.4 Plaque assay

CVBS3 replication was determined by measuring the virus titer in the cell supernatant
using an agar overlay %°. Supernatant of CVB3-infected cells was serially diluted by 10 fold and
overlaid on a 90-95% confluent monolayer of HeLa cells for 1 hr. After PBS wash, cells were
overlaid with complete medium containing 0.75% agar and incubated at 37°C for 72 hrs.
Carnoy’s fixative (75% ethanol-25% acetic acid) and 1% crystal violet were used for fixation
and staining, respectively. Plaques were quantitated and viral titers were calculated based on
PFU per milliliter.
2.5 Real-time quantitative reverse-transcription polymerase chain reaction (RT-PCR)

Total RNA was isolated using the RNeasy Mini kit (Qiagen). Equal concentrations of
RNA were used for cDNA synthesis using SuperScript I11 First-Strand Synthesis SuperMix (Life
Technologies). Primers previously designed to target the 5> UTR of CVB3 were optimized for
SYBR Green quantitative PCR ??!. The 25ul per reaction mix consisted of 1InL cDNA template,
500nM forward and reverse primers, and 1x Quantities SYBR Green PCR Master Mix (Qiagen).

The PCR program, run on a Via 7 Real-Time PCR System (Applied Bios stems), included a 15
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min polymerase activation step at 95°C, and 40 cycles of 94°C/15s, 53°C/30s, and 72°C/30s
where endpoint fluorescence was recorded. A terminal dissociation curve was included to assess
primer specificity and dimmer formation. Triplicate samples were run with a 10x serial dilution
of sample cDNA as a standard for determining PCR efficiency.
2.6 Indirect immunocytochemical microscopy

Indirect immunofluorescence assay was performed firstly by fixing in 4%
paraformaldehyde for either 16 hrs at 4°C, or 30 minutes at room temperature. Following
permeabilization, coverslides were incubated in blocking solution (5% normal goat serum, 2.5%
bovine serum albumin in PBS) for 1 hr. Coverslides were then incubated in primary antibody for
either 1hr at room temperature, or 16 hrs at 4°C, followed by three consecutive PBS washes for 5
mins each. After washing, the cells were incubated with the secondary antibody for 1 hr at room
temperature. Coverslides were again washed three times in PBS as previously mentioned. Cell
nuclei were counterstained with 4°, 6-diamidino-2-phenylindole (DAPI) and mounted onto glass
slides. Images were captured under a Leica SP2 AOBS confocal microscope. The quantification
of SG formation was performed by counting the number of cells expressing 3 or more punctates
and dividing by the number of cells expressing the corresponding fluorophore, where each image
should consist of 20 or more cells. Quantification of images for TDP-43 cytoplasmic
translocation was performed by counting at least 10 images where each image contained five or
more cells. Values were presented as % of cells expressing cytoplasmic TDP-43. TDP-43 and
dsRNA localization was evaluated using Pearson’s correlation algorithm as described. In order to
quantify red and yellow LC3 puncta, at least 10 images were quantified to count red and yellow

aggregates using Volocity software version 5.2.1 and expressed as # of puncta per cell.
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2.7 Transmission electron microscopy

To visualize ultrastructural changes during CVB3 infection, HeLa cells infected with
CVB3 for 3 hrs were fixed in 2.5% glutaraldehyde (Polysciences Inc.) in PBS, pH 7.2, for 10
mins at room temperature. Cells were then post-fixed in 1% Osmium tetroxide (Polysciences
Inc.), 1% potassium ferrocyanide, 100mM sodium cacodylate buffer, pH 7.4, for 1 hr at room
temperature. We then proceeded to rinse several rounds in deionized water, and dehydrate in a
series of acetone washes. Cells were then embedded in Eponate 12 resin (Ted Pella Inc.),
sectioned at a thickness of 60nm, and viewed on a Tecnai 12 transmission electronic microscope
(FEI Inc.).
2.8 Immunoelectron microscopy

For immuno-labelling of G3BP1, rabbit anti-G3BP1 polyclonal antibody (Cat.ab39533,
Abcam) was diluted at 1:60. F(ab") 2 fragment of ultra-small goat-anti-rabbit IgG was diluted at
1:50. Following steps were performed using a Pelco Biowave Microwave. Free aldehydes were
blocked using 50mM glycine, blocked in 5% goat serum containing 0.18% cold water fish skin
gelatin, washed in acetylated-BSA (BSA-c) and incubated with primary antibody. Controls were
incubated in normal goat serum diluted at 1:60. Sections were washed, and incubated in
secondary antibody, sequentially washed in BSA-c, PBS, 2% glutaraldehyde, distilled water, and
Silver R-Gent SE-EM. Finally, sections were stained in 2% uranyl acetate, lead citrate, air dried
and analyzed on a Tecnai 12 electron microscope.
2.9 Viral protease purification

CVB3 2AP° was purified from pET-Cx2A expressed in BL21 bacterial cells by ion

pro

exchange chromatography and size exclusion chromatography. CVB3 3C"" was cloned into a

pET29b plasmid containing a His-tag and expressed in BL21 bacterial cells for 4 hrs at 30°C.
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Bacterial cells were lysed by sonication in 50mM NaCl, 50mM Tris pH 8, 5mM imidazole, 5mM
-mercaptoethanol, 5% glycerol, then purified by Ni-nitrilotriacetic acid chelating resin affinity
chromatography.
2.10 Invitro cleavage assay

Cleavage reactions were performed in 20mM HEPES (pH 7.4), 150mM KOAc and 1mM
DTT. Each sample comprised of HeLa lysates with purified CVB3 2AP™ or 2AP® catalytically
inactive mutant at 5ng/ul or CVB3 3CP™ at 100ng/pl. Reaction mixtures were incubated at 37°C
for the amount of time as indicated and the reaction was stopped by the addition of SDS-PAGE
sample buffer. Cleavage activity was assessed by western blotting as mentioned above.
2.11 Insitu hybridization

HeLa cells on coverslips were fixed in 4% paraformaldehyde for 30 mins at room
temperature were incubated in hybridization buffer (2x SSC [1x SSC is 0.15 M NaCl plus 0.015
M sodium citrate], 20% formamide, 0.2% bovine serum albumin (BSA), 1 ug/ul Saccharomyces
cerevisiae tRNA) for 15 mins at 37°C. HelLa cells were then hybridized with 1mg/ml DNA
probes, oligo(dT) conjugated to Cy-3, or antisense CVB3 conjugated to Cy-5 overnight at 46°C
in hybridization buffer (IDT). Cells were then washed with 2x SSC with 20% formamide twice
for 5 mins each at 37°C, 2x SSC twice for 5 min each at 37°C, and 1x SSC once for 5 min.
Where further immunostaining was required, cells were co-stained by indirect
immunofluorescence protocol as mentioned above. The antisense CVB3 RNA probe sequence
was AAGCCAATCTAAATTATTTCAAATT conjugated to Cy-5 (Sigma).
2.12 Splicing assay

TDP-43 functional activity was evaluated through amplifying the cystic fibrosis

transmembrane conductance regulator (CFTR) splicing. HeLa cells were co-transfected with
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TG(15)T(5) CFTR reporter construct and respective TDP-43 constructs, and incubated at 37°C
for 24 hrs. Total RNA was harvested by QIAGEN RNeasy kit (Cat. #74104) and equal amounts
of RNA were used for RT-PCR using 500ng of total RNA. Two micrograms of the resulting
cDNA was used for subsequent PCR reactions using primers a2-3 and Bra2. Primer sequences
for the Bra2 and a2-3 sequences are 5’-TAGGATCCGGTCACCAGGAAGTTGGTTAAATCA-
3’, and 5’-CAACTTCAAGCTCCTAAGCCACTGC-3, respectively. PCR conditions were as
follows: 95°C for 10 mins (hot start), followed by 35 cycles of denaturing at 95°C for 3s,
annealing at 57°C for 30s, and elongation at 72°C for 60s. PCR products were visualized on a
1.5% agarose gel and quantified using ImageJ software. All samples were performed in
triplicates and repeated at least 3 times.
2.13 Solubility assay

Cells were washed twice with PBS, lysed with cold radioimmunoprecipitation assay
(RIPA) buffer (Santa Cruz, #sc-24948) supplemented with protease and phosphatase inhibitors.
Cell lysates were sonicated and cleared by centrifugation at 100,000xg for 30 mins at 4°C.
Supernatants were collected as RIPA-soluble fractions. RIPA-insoluble protein pellets were
washed by resonication and recentrifugation using the same conditions to prevent carry-over.
Only supernatants from first extraction were used. RIPA-insoluble pellets were extracted with
Urea buffer (7M urea, 2M thiourea, 4% CHAPS, 30mM Tris, pH 8.5), followed by sonication
and centrifugation at 70,000xg for 30 minutes at 22°C. Supernatants collected as RIPA-insoluble
fractions and analyzed by standard western blot protocols.
2.14 Immunoprecipitation

Proteins were extracted using lysis buffer (50 mM Tris HCI, pH 7.4, 150 mM NacCl, 1

mM EDTA, 1% Triton X-100, and proteinase inhibitor cocktail (Roche, 04693132001). Protein
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concentration was measured and equal amount of protein was loaded for immunoprecipitation
using EXview ™ Red Anti-Flag® M2 affinity gel (Sigma-Aldrich, F2426).

Firstly, 40uL of the provided 50% slurry was used per reaction. Beads were washed with
500uL of TBS (50 mM Tris HCI, 150 mM NacCl, pH 7.4), vortexed briefly, and centrifuged for
30s at 8,200%g. Supernatant was removed, kept on ice, and repeated a second time as a wash.
200 pL of clarified lysates of denatured proteins and cell debris were loaded into fresh
microcentrifuge tubes and filled to 1 mL with lysis buffer. Mixture was incubated overnight in an
end-over-end tumbling motion overnight at 4°C. Next day, we centrifuged the mixture for 30
mins at 8,200xg and placed on ice. We collected the supernatants and used as flow-through
samples. The remaining pellet was washed three more times with TBS as mentioned above, and
beads were incubated with 20 uL of 2x Laemmli sample buffer (125 mM Tris HCI, pH 6.8, 4%
SDS, 20% (v/v) glycerol, and 0.004% bromophenol blue). Samples were boiled at 95°C for 5
mins, vortexed briefly, and centrifuged at 8,200xg for 30s. Remaining supernatants were used
for SDS-PAGE.

2.15 Stable isotope labeling by amino acids in cell culture

Triplex SILAC labeling was conducted as described previously %%2. Before labeling, HeLa
cells were maintained in DMEM supplemented with 10% FBS (v/v), 1% L-Glutamine (v/v) and
1% penicillin/streptomycin (v/v) at 5% CO; and 37°C then transferred to SILAC medium with
dialyuzed FBS plus Lysine (Lys) and Arginine (Arg) isotopologs. Cell populations were
amplified 200-fold in the labeling media to achieve complete labeling. Here we refer to the
different as ‘0/0 for the normal isotopic abundance Lys and Arg, ‘4/6” for 2Hs-Lys and **C¢-Arg
and ‘8/10° for *Cg™N,-Lys and *C¢**N,-Arg. For each analysis, one 10 cm plates of HeLa cells

were used per condition. Labeled cells were then transfected with FLAG-G3BP1 as per
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manufacturers protocols (Invitrogen) for 48 hrs. Cells were then starved in pre-warmed HBSS
media for mock, 1hr, and 4hrs for 0/0, 4/6 and 8/10, respectively. Cell lysates were collected for
each condition and combined at 1:1:1 protein ratio. Co-IP was performed using EZview Red
Anti-FLAG® M2 affinity gel beads (Sigma-Aldrich, F2426) as mentioned above.
Immunoprecipitated proteins were boiled in 6x sample buffer for 5 minutes at 98°C and samples
were run on an SDS gel followed by coomassie staining to visualize protein migration. Protein
extraction was performed by gel digestion on the entire lane.

All analyses here involved in solution digestions in 1% SDC (System Development
Company, 50 mM Tris, pH 8) with protein sample in the pull-down experiments being
solubilized directly in SDC and then subjected to trypsin digestion. Protein solutions were
reduced (1 pug DTT/50 pg protein), alkylated (5 pg IAA/S0 g protein) and digested (1 pg
trypsin/50 pg protein). For each sample, 5 ug (measured by BCA method) of digested peptides
were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) on a Bruker
Impact. The Bruker Impact was on-line coupled to Agilent 1100 Series nanoflow HPLC
instruments using a nanospray ionization source (Proxeon Biosystems) holding columns packed
into 15-cm-long, 75-um-inner diameter fused silica emitters (8-um-diameter opening, pulled on
a P-2000 laser puller from Sutter Instruments) using 3-um-diameter ReproSil Pur C18 beads.
Buffer A consisted of 0.5% acetic acid, and buffer B consisted of 0.5% acetic acid and 80%
acetonitrile. Gradients were run from 6% B to 30% B over 60 min, then 30% B to 80% B in the
next 10 mins, held at 80% B for 5 mins, and then dropped to 6% B for another 15 mins to
recondition the column. The LTQ-OrbitrapXL was set to acquire a full-range scan at 60,000
resolution from 350 to 1500 Th in the Orbitrap and to simultaneously fragment the top five

peptide ions in each cycle in the LTQ.
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Protein identification and quantification were done using MaxQuant and Mascot (v2.3,
Matrix Science) to search against the International Protein Index (IPI) Mouse (v3.69, 110,771
sequences - common serum contaminants & human keratins added and all reversed sequences
were concatenated) database with the following criteria: electrospray ionization-ion trap
fragmentation characteristics, tryptic specificity with up to one missed cleavages; £10 parts-per-
million and +0.6 Da accuracy for MS and MS/MS measurements respectively; cysteine
carbamidomethylation as a fixed modification; N-terminal protein acetylation, methionine
oxidation, deamidation (NQ), duplex (*Hs-Lys, **Ce-Arg) or triplex (**Cs°Na-Lys and *Cg°N,-
Arg) SILAC modifications as appropriate; peptide false discovery rate (FDR) was set at 1%.
Quantitation was done using a mass precision of 2 ppm (three times the mass precision is used to
create extracted ion chromatograms). After extracting each ion chromatogram, Proteome
Discoverer runs several filters to check for, among other things, interfering peaks and the
expected isotope pattern, and peptides that do not meet all the criteria are not used in calculating
the final ratio for each protein. We consider proteins identified if at least two peptides were
observed. Analytical variability of SILAC data in the types of experiments performed here is
typically <1% on average and biological variability was addressed in these experiments by
performing at least three independent replicates of each experiment.

2.16 Statistical analysis
Quantified results are expressed as means * standard deviation (SD). Statistical analysis
was performed with unpaired Student’s t test. A value of p < 0.05 was considered to be

statistically significant. All experiments were repeated at least three times.
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Chapter 3: Production of a Dominant-Negative Fragment Due to G3BP1
Cleavage Contributes to the Disruption of Mitochondria-Associated

Protective Stress Granules during CVB3 Infection

3.1 Background

In order for CVB3 to successfully replicate, the virus is required to usurp host protein
synthesis machinery and evade host innate immunity responses. Previous reports in CVB3
infection show stalled host-protein translation by cleavage of multiple translation factors,
including PABP, elF4G, and elF5B, by viral protease 2AP®and 3CP™ 22% 22425 C\/B3 infection
also induces elF2a phosphorylation, thus reducing the amount of cytoplasmic elF2-GTP-met-
tRNAI ternary complex that may be used to initiate protein translation 2%. Virally-induced
shutdown of cap-dependent mMRNA protein translation due to cleavage of essential translation
factors and elF2a phosphorylation results in two outcomes: release of ribosomes for viral protein
synthesis and a diminished host anti-viral response.

Inhibition of protein synthesis in response to viral infection results in the formation of
SGs 122 149.182.227 gGs are composed of more than 50 known proteins. As previously mentioned,
a key component of SGs is the aggregating factor G3BP1, which is widely used as a well-
established SG marker under various environmental stress conditions 2. Other key proteins that
localize to SGs include the T-cell restricted intracellular antigen 1/related (TIAL/R) and HuR ***
142,221 " geveral studies have reported that SGs are compositionally different depending on the
type of environmental stresses *%2, suggesting that distinct SGs may be regulated differentially

and have multiple roles.
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Previous studies demonstrated that SG formation can be modulated by infection of
several types of viruses, including flaviviruses, dicistroviruses and picornaviruses. SGs have
been shown to play both pro- and anti-viral roles in different infections. Multiple viruses have
been demonstrated to interfere with different steps of SG assembly ?*. For example, anti-viral
SGs are formed in response to PV infection; however SGs are disassembled by viral proteases at
late stages of infection in order to promote viral replication *">. Moreover, studies in Junin virus
demonstrated selective inhibition of anti-viral SG formation by inhibiting eIF2a phosphorylation
2% Other studies showed that anti-viral SGs may require mitochondrial surface proteins to
activate downstream interferon pathway *®* '*. These SGs contain anti-viral proteins including
RIG-I, a protein involved in sensing dsSRNA for signaling to downstream anti-viral responses by
binding interferon-beta promoter stimulator-1 (IPS-1 or also known as MAVS/VISA/Cardif), a
mitochondrial surface protein **2 ¥, On the other hand, respiratory syncytial virus and hepatitis
C virus have been observed to manipulate SGs for their own benefit by interacting with critical
components of the pro-viral SGs during infection 2% 2*2, However, the accumulation, function

and presence of SGs during CVB3 infection remain largely unclear.

3.2 Objective and specific aims
The objective of this chapter is to investigate the interplay between CVB3 infection and
the formation and significance of SGs.
The SPECIFIC AIMS include:
Aim 1: To examine the effect of CVB3 infection on SG formation;
Aim 2: To examine the mechanisms by which CVB3 regulates the formation of SGs; and

Aim 3: To examine the significance of SGs in CVB3 infection.
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3.3 Results
3.3.1 CVB3infection induces SG formation at ~3 hrs and disassembly at ~5 hrs post-
infection.

As previously mentioned, SG formation has been observed in other viruses including PV
and EMCYV in the Picornaviridae family *"* '#*: however the effect of CVB3 infection on SG
formation has not been investigated. In order to visualize SG formation in CVB3 infection, we
utilized HelLa cells stably expressing GFP-G3BP1. Confocal imaging showed the punctate
accumulation of GFP fluorescence in the cytosol at ~3 hrs post-infection (pi) and disappearance
at ~5 hrs pi (Figure 4A, B, and D). Using two other well established SG markers, TIA1 and
HuR, we demonstrated co-localization of red punctates (dsRed-TIA1l or -HuR) with green
punctates (GFP-G3BP1) (Figure 4A, B, and D), further suggesting formation and disassembly
of SGs during CVB3 infection. Furthermore, we demonstrated the co-localization of G3BP1-SGs
with poly(A)-mRNA at 3 hrs pi; however at 5 hrs pi, G3BP1 dissolved homogenously back into
the cytoplasm while poly(A)-positive granules persisted (Figure 4C and E). The persistence of
RNA granules suggests that G3BP1-SGs are specifically targeted during CVB3 infection. Our
preliminary results have suggested that the formation and persistence of poly(A)-granules
observed at 5 hrs and 7 hrs pi are associated with other RNA granules, i.e. P-bodies (data not
shown).

To gain insight into the cellular localization of stalled initiation complexes in CVB3-
infected cells, we performed transmission- and immuno-electron microscopy analyses. We chose
4 hrs as an endpoint in this study because SGs are still present at high levels before disassembly

at 5 hrs pi. As shown in Figure 4F, in sham-infected cells, the ribosomal-like particles (indicated
40



by arrow heads) were mainly localized to the fiber-like structures that represent the endoplasmic
reticulum. However, in CVB3-infected cells, these particles tended to accumulate to form
aggregates (~100nm in diameter, indicated by arrow heads), similar to those shown by Gilks et
al. *®*. Furthermore, immuno-electron microscopy imaging showed that G3BP1 staining was
diffuse in sham-infected cells, while CVB3-infected cells comprised of both diffuse and G3BP1-
positive aggregates, the latter were primarily observed near mitochondrial surfaces (Figure 4G).
This observation further supports the presence of G3BP1-positive aggregates in CVB3-infected

cells.
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Figure 4. CVB3 infection induces SG formation at ~3 hrs and disassembly at ~5 hrs post-
infection

Representative confocal images of intracellular localization of G3BP1, TIA1 and HuR following
CVB3 infection of HelLa cells. HeLa cells were transiently co-transfected with pEGFP-G3BP1
and either pDsRed-TIAL1 (A) or pDsRed-HuR (B) for 48 hrs, followed by sham- or CVB3
infection at an MOI of 10 for various time points as indicated. Arsenite treatment at a dose of 50
mM for 1 hr was used as positive controls for inducing SG formation. Cell nuclei were
counterstained with DAPI. (C) Representative confocal images of co-localization of poly-(A)-
mRNA with G3BP1 during CVB3 infection. HeLa cells were transiently transfected with
pEGFP-G3BP1 for 48 hrs, followed by sham- or CVB3 infection at an MOI of 10 for different
time points as indicated. Poly-(A)-mRNA was detected by in situ hybridization using an oligo-
dT probe synthetically conjugated to Cy3, followed by immunostaining for G3BP1. Cell nuclei
were counterstained with DAPI. (D) Quantitation of G3BP1-SG formation from (A, B). Percent
of cells expressing SGs was quantified as described in Materials and Methods (mean = SD, n=10
images), #p<0.001. (E) Quantitation of poly-(A) granules from (C). Percent of cells expressing
poly-(A) punctates was quantified as above. N.D., No statistical difference, *p<0.01. (F, G)
Representative transmission (F) and immune-electron (G) microscope images. HelLa cells were
either sham- or CVB3-infected at an MOI of 10 for 4 hrs. N and M indicate the nucleus and
mitochondria, respectively. Arrow heads in (F) indicate ribosomal-like structures. Arrows in (G)

indicate cytoplasmic aggregates that were stained positive for endogenous G3BP1.

3.3.2 Coxsackievirus protease 2A cleaves elF4G and promotes SG formation.
It has been previously demonstrated that CVB3 infection inhibits cap-dependent protein

translation, mainly due to elF4G cleavage and elF2a phosphorylation 220,23 g explore the
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potential mechanism by which CVB3 regulates SG formation, we examined the kinetics of
elF4G cleavage and elF2a phosphorylation. We found that elF4G cleavage occurred at ~1 hr pi
preceding elF2a phosphorylation at ~5 hrs pi (Figure 5A). It should be noted that the correlation
of band intensities between full-length and cleaved elF4G in Figure 6A is likely a result of
incomplete transfer of high molecular weight proteins (i.e. full-length elF4G ~220kDa). Using
IRES-driven CVB3 2AP™ and 3C"™ constructs, we showed that elF4G was cleaved in HeLa cells
transfected with pIRES-2AP™ (Figure 5B). Furthermore, we demonstrated that cells expressing
PIRES-2AP™, but not pIRES-3CP", displayed increased G3BP1 foci (Figure 5C). Together, these
results suggest that translation initiation inhibition, which is in part due to elF4G cleavage by

2AP leads to enhanced SG formation during the early phase of CVB3 infection.
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Figure 5. Coxsackieviral protease 2A cleaves elF4G and promotes SG formation

(A) HelLa cells were either sham- or CVB3-infected at an MOI of 10 for various time points as
indicated. Western blotting was performed to assess protein expression of elF4G, phopho-elF2a
(Ser 51), and total elF2a. Protein level of viral capsid protein (VP1) and B-actin was also
examined as an infection and loading control, respectively. (B) HeLa cells were transfected with

PIRES-2A and/or pIRES-3C for 48 hrs. Western blotting was performed to assess protein
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expression of elF4G and B-actin. (C) Representative confocal images of viral protease 2AP°
inducing G3BP1-SG formation. HeLa cells were co-transfected with pIRES-2AP® or pIRES-

3CP™ together with GFP-G3BP1 for 24 hrs, followed by confocal microscopy analysis.

3.3.3 CVB3 infection causes G3BP1 cleavage.

To investigate whether disassembly of SGs at the late stage of CVB3 infection is due to
an inhibition of the assembly of SGs and/or a result of increased disassembly of SGs, HeLa cells
infected with CVB3 were treated with arsenite to induce SG formation and G3BP1-SGs were
monitored at 3 hrs and 5 hrs pi. Figure 6 showed that arsenite-induced G3BP1-SGs were
significantly inhibited after 5 hr CVB3 infection, whereas poly-(A)-SGs persisted. This data
suggests that G3BP1-SGs are actively and selectively disassembled beyond 5 hrs pi.

We next examined the protein expression of G3BP1 and TIA1 during CVB3 infection in
HelLa cells stably expressing GFP-G3BP1. Western blot results showed the reduction in protein
expression of full length G3BP1 (exogenous 99kDa, endogenous 71 kDa) at 5 and 7 hrs pi,
accompanied by the appearance of a second band with smaller molecular weight (exogenous
82kDa, endogenous 54 kDa) (Figure 7A), suggesting that G3BP1 is cleaved at 5 hrs pi. TIAL

remained unchanged along the course of CVB3 infection (Figure 7B).
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Figure 6. G3BP1-SGs are disassembled while poly-A-SGs remain persistent in CVB3-
infected cells

HelLa cells were infected with CVB3 at an MOI of 10 for 3 or 5 hrs. Arsenite was added at 1h
post-infection (pi) as indicated. Cells treated with arsenite alone for 3 or 5 hrs were used as
negative controls. Cells were fixed and stained for endogenous G3BP1, poly-A mRNA, and
nuclei. Percent of cells expressing G3BP1-SGs and poly-A granules was quantified as described

in Materials and Methods (mean £ SD, n=5 images), N.D., No statistical difference, #p<0.001.
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Figure 7. G3BP1 is cleaved at ~5 hrs post-Infection while TIA1 remains unchanged during
the course of CVB3 infection

(A) HelLa cells stably expressing exogenous GFP-G3BP1 or (B) regular HelLa cells were either
sham- or CVVB3-infected at an MOI of 10 for various time points as indicated. Western blotting
was performed to assess protein expression of G3BP1 using anti-G3BP1 antibody (A) and TIAl
using anti-TIA1 antibody (B). VP1 expression was used as an infection control and -actin level

was examined as a loading control.
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3.3.4 G3BP1 cleavage is due to viral protease 3C.

To explore the mechanism of G3BP1 cleavage, viral proteases, 3C" and 2AP°, were
purified and incubated with uninfected HelLa cell lysates. HeLa cells incubated with 3C"* for
increasing time points led to decreasing levels of full-length G3BP1 accompanied by an
increasing accumulation of G3BP1 cleavage fragments, suggesting that 3C"™ cleaves G3BP1
(Figure 8A). Incubation with purified 2AP™ failed to induce a similar G3BP1 cleavage fragment,
while PABP, a known target of 2AP®, was cleaved as previously demonstrated ?**. Incubation
with a catalytically inactive mutant 2AP° (2Amut"™®), failed to induce PABP cleavage (Figure
8B). Furthermore, we found that treatment of HelLa cells with Z-VAD-FMK, a pan-caspase
inhibitor, had no effect on CVB3-induced G3BP1 cleavage (data not shown). Taken together, our

results indicate that 3C"" alone is sufficient to induce G3BP1 cleavage during CVB3 infection.
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Figure 8. G3BP1 is cleaved by 3Cpro

HelLa cell lysates were incubated with (A) purified 3CP™ for 0, 5, 15, 30, and 60 mins or 2AP™
for 60 mins, or (B) purified 2AP® or 2Amut™ for 60 mins. In vitro cleavage assay was
performed as described in Materials and Methods and expression of G3BP1 and PABP was

detected by western blotting.
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3.3.5 G3BPliscleaved at amino acid Q325 and a cleavage resistant mutant restores SG
formation.

To identify the cleavage site of G3BP1, we tested whether G3BP1 is cleaved at amino
acid 325, a previously identified cleavage site by PV 3CP™° "3, We used a mutant G3BP1 with an
amino acid mutation (Q325E), a potentially cleavage mutant G3BP1. Western blot results
demonstrated the absence of the cleavage product in FLAG-G3BP1%*?*F-transfected HelLa cells
following CVB3 infection, indicating that G3BP1%*%F is cleavage resistant (Figure 9A). The
cleavage of G3BP1 at Q325 separates its NTF2-like domain from the RRM, which may lead to
the disruption of the ability of G3BP1 to bind RNA and protein in order to induce SG formation
(Figure 9B). Moreover, we conducted immunocytochemistry to determine whether non-
cleavable G3BP1 (G3BP1%*%°F) is able to restore SG formation after 5 hrs CVB3 infection.
Results shown in Figure 9C and D demonstrated that SG assembly in cells stably expressing
GFP-G3BP1%*%F mutant was rescued at 5 hrs and 7 hrs pi. Together, our results suggest that
cleavage of G3BP1 at amino acid Q325 contributes to G3BP1-SG disassembly observed during

late stage of CVVB3 infection.
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Figure 9. G3BP1 is cleaved at amino acid Q325 and a cleavage-resistant G3BP1 mutant
restores SG formation at ~5 hrs post-infection
(A) HeLa cells were transfected with FLAG-G3BP1 or FLAG-G3BP1%*%°F mutant for 48 hrs,

followed by CVB3 infection at an MOI of 10 for 7 hrs. Western blotting was performed to
examine G3BP1 cleavage using an anti-FLAG antibody. Protein expression of VP1 and B-actin
was examined as an infection and loading control, respectively. (B) Schematic diagram of full
length G3BP1 and the cleavage site. The arrow indicates the cleavage point at amino acid Q325
of G3BP1. NTF2-like, Nuclear Transport Factor 2-like; PXXP, SH3-domain binding domain of
Ras-GAP; RRM, RNA Recognition Motif; RGG, Arginine-Glycine-rich region. (C) HelLa cells
stably expressing GFP-G3BP1%*%E (upper panels) or GFP-G3BP1 (lower panels) were sham- or
CVB3-infected at an MOI of 10 for different times as indicated. Intracellular distribution of
G3BP1 was examined using confocal microscopy. Cell nuclei were counterstained with DAPI.
Cells treated with 50 mM arsenite for 1 hr were used as positive controls. (D) Quantitation of
G3BP1-SG formation from (C). Results are presented as mean = SD (n=10 images), #p<0.001,

N.D., No statistical difference.

3.3.6  G3BP1 negatively regulates CVB3 replication.

To determine the significance of SGs in the course of CVB3 infection, G3BP1 was either
overexpressed or knocked down in HeLa cells. We showed that overexpression of GFP-G3BP1
increased SG formation (Figure 10A), whereas knockdown of G3BP1 by siRNA led to the
disappearance of G3BP1-SGs induced by CVB3 infection (Figure 11A). We further
demonstrated that overexpression of GFP-G3BP1 resulted in marked decreases in VVP1 protein
expression (~5 fold) (Figure 10B and C), viral transcripts (~0.4 fold) (Figure 10D), and viral

titers (~3 fold) (Figure 10E). In contrast, knockdown of G3BP1 resulted in significant increases
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in VP1 protein expression (~2.5 fold) (Figure 11B and C), viral transcripts (~0.6 fold) (Figure
11D), and viral titers (~22 fold) (Figure 11E). Our data suggests that G3BP1-SGs negatively
regulate CVB3 replication.
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Figure 10. Overexpression of G3BP1 inhibits CVB3 replication.

HeLa cells were transiently transfected with pEGFP-G3BP1 for 24 hrs, followed by CVB3
infection at an MOI of 1 for 16 hrs. (A) Western blotting (left) and confocal microscopy (right)
were performed to examine protein level and intracellular distribution of GFP-G3BP1. (B)
Western Blotting was performed to assess protein expression of VP1 and B-actin after CVB3
infection. (C) Densitometric analysis using ImageJ was performed on VP1 intensities relative to
[B-actin intensities of three independent experiments from (B). The value of sham was arbitrarily
set as 1. (D) Quantitative RT-PCR was performed to examine viral transcript levels using
primers specific to the IRES promoter of the CVB3 RNA transcript. Data is presented as
transcript copy number relative to its empty vector control. The value of the empty vector control
was arbitrarily set as 1. (E) Plaque assay was performed to examine the effect of G3BP1
overexpression on viral replication and results are presented as relative PFU/ml. The value of the
empty vector control was arbitrarily set as 1. Results are presented as mean + SD (n=3),

#p<0.001, *p<0.01
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Figure 11. Knockdown of G3BP1 enhances CVB3 replication

HeLa cells were transfected with either control siRNA (siCon) or G3BP1-targeted SiRNA
(siG3BP1), followed by sham- or CVB3-infection at an MOI of 1 for 16 hrs. (A) Western
blotting (left) and confocal microscopy (right) were performed to assess protein expression and
intracellular distribution of GFP-G3BP1. (B) Western blotting was performed to examine VP1
and [B-actin protein expression. (C) Densitometric analysis was performed on VP1 intensities of
three independent experiments from (B) as described above. (D) Quantitative RT-PCR was
performed to examine viral transcript levels as described above. Data is presented as transcript
copy number relative to its empty vector control. The value of the siCon control was arbitrarily
set as 1. (E) Plaque assay was performed to assess the effect of G3BP1 knockdown on viral
replication and results are presented as relative PFU/ml. The value of the siCon control was

arbitrarily set as 1. Results are presented as mean + SD (n=3), #p<0.001, *p<0.01.

3.3.7 The C-terminal cleavage fragment of G3BP1 inhibits G3BP1-SG formation and
enhances CVB3 replication.

We next explored whether the cleavage fragments of G3BP1 has any effects on SG
formation. Confocal microscopy analysis showed that cells co-expressing G3BP1-N¢gm and
GFP-G3BP1 displayed similar kinetics of G3BP1-SG assembly and disassembly as previously
observed in wild-type G3BP1 expressing cells (data not shown). G3BP1-Nm-0verexpressing
cells also exhibited similar accumulation kinetics of poly(A)-RNA granules throughout infection
(data not shown) compared with those expressing wild-type G3BP1 shown in Figure 4C. In
contrast, cells expressing both G3BP1-Cim and GFP-G3BP1 displayed no or much smaller GFP

punctates (arrow head) (Figure 12A and C), suggesting that the C-terminal fragment of G3BP1
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negatively regulates SG formation. Similarly, the number of G3BP1-Cim, expressing cells with
poly(A)-granules at 3 hrs pi was significantly diminished compared to control (Figure 12B and
C). We also examined the influences of the C-terminal fragment of G3BP1 on arsenite-induced
SG formation. Figure 12D showed that HelLa cells expressing G3BP1-Cim inhibited arsenite-
induced SGs, suggesting that the inhibitory effect of G3BP1-Ciry, 0n SG formation is not CVB3-
specific.

Finally, we examined the impacts of the C-terminal portion of G3BP1 on viral replication.
Figure 12E showed that overexpression of G3BP1-Cm resulted in significant increases in virus
titres as compared to empty control. Taken together, our results suggest that the C-terminal
fragment of G3BP1 acts as a dominant-negative inhibitor for G3BP1-SG formation and

positively affects viral growth.
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Figure 12. G3BP1-Cirm fragment reduces SG formation and enhances CVB3 replication

(A, B) Hela cells were co-transfected with pEGFP-G3BP1 and FLAG-G3BP1-Cyy, for 48 hrs,
followed by sham- or CVB3-infection at an MOI of 10 for the indicated time points. G3BP1-
Cierm and G3BP1-Ngrm Were stained using an anti-FLAG antibody. Arrow heads indicate cells
expressing high levels of G3BP1-Cim but lacking distinct G3BP1(+)-SGs or poly-(A) granules.
Cells treated with arsenite (50 mM) for 1 hr were used as positive controls. (C) Quantitation of
GFP-G3BP1 foci and poly-A granules from (A) and (B) at 3hr pi, respectively. Quantification
was performed by counting cells expressing, empty vector, GFP-G3BP1-SGs or poly-A granules
together with FLAG, and dividing by the total number of cells expressing FLAG. Results are
presented as mean + SD (n=5 images), #p<0.001. N.D., No statistical difference. (D) HeLa cells
were co-transfected with pEGFP-G3BP1 and FLAG-G3BP1-Cim for 48 hrs, and then treated
with 50mM arsenite for 1 hr. Immunostaining was conducted and representative images are
displayed. (E) Quantitation of GFP-G3BP1 SGs from (D). The data is presented as mean + SD
(n=5 images), #p<0.001. (F) Plaque assay was performed to assess the effect of G3BP1-Cierm

expression on CVB3 replication. Results are presented as relative PFU/ml. The value of the
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empty vector control was arbitrarily set as 1. The data is presented as mean + SD (n=3),
#p<0.001.
3.3.8 G3BP1-SGs do not co-localize with CVB3 sense-strand.

To elucidate whether SGs bind to viral transcripts to block the interaction of factors
necessary for IRES translation, HeLa cells were sham- or CVB3-infected for the indicated time
points, then probed with an oligonucleotide complimentary to the sense-strand of CVB3
transcripts, synthetically conjugated to a Cy-5 fluorescent tag (red), and immunostained for
endogenous G3BP1 (green). The sense-strand of CVVB3 transcripts was chosen because it is used
for both replication as well as protein translation. Results shown in Figure 13 demonstrated the
early formation and late disassembly of G3BP1-SGs over the time course of CVB3 infection,
which is in line with the findings in Figure 4A; however, red fluorescence signal was found to
be homogenously distributed with no co-localization with G3BP1-SGs. Furthermore, this
binding is specific to CVB3 sense-strand since no red fluorescence was observed in sham- or
arsenite-treated cells, but gradually increased over the time course of CVB3 infection. Our
findings that CVB3 sense-strand does not interact with G3BP1-SGs suggest that G3BP1-SGs

may function to reduce CVB3 replication by other mechanisms.
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Figure 13. G3BP1-SGs do not localize with CVB3 sense-strand

HeLa cells were infected with CVVB3 at an MOI of 10 for the indicated time points, followed by
in situ hybridization and immunostaining as described in Materials and Methods. Endogenous
G3BP1 was detected using an Alexa-488 secondary antibody. CVB3 sense-strand was detected

by the synthetically conjugated Cy5 fluorophore.



3.4 Discussion

Viruses are obligated to evolve molecular mechanisms to evade host anti-viral responses as
well as hijack host protein machinery for their own benefit. Many viruses have been documented
to interact with host SGs ?*. In this chapter, we found that G3BP1-SGs are assembled early
following CVB3 infection using multiple SG markers such as G3BP1, TIAl, HuR and Poly-A
mMRNA via confocal microscopy, live-cell fluorescent imaging, and by both transmission- and
immuno-electron microscopy. Furthermore, we demonstrated that G3BP1-SGs are actively
disassembled at late times during infection where G3BP1, TIAl and HuR dissociate from SGs
back into the cytoplasm, while poly-A granules persist, suggesting that G3BP1-SGs are
specifically targeted while other RNA granules are not. In addition, we observed partial co-
localization of G3BP1 and O-linked N-acetylglucosamine (data not shown), a sugar moiety
modification recently reported to be localized to SGs during CVB3 infection %*. Our findings
indicate that CVB3-induced SGs may be functionally and compositionally different from those
formed under other cellular stresses. Interestingly, by TEM, cytosolic aggregates with ribosomal-
like structures around the perimeter were observed adjacent to mitochondrial structures in
CVB3-infected cells. Consistent with this finding, IEM showed G3BP1-positive staining for
aggregates adjacent to mitochondria. Furthermore, we found that G3BP1-SGs are actively
inhibited and disassembled late during CVB3 infection.

CVB3 infection causes shutoff of host protein translation as early as 1 hr after infection 2.
Our data suggests that increased formation of SGs is likely due to active cleavage of elF4G by
2AP°, which occurred early during viral infection, rather than the canonical elF2a
phosphorylation which took place at ~5 hrs pi. We observed the cleavage of a primary SG

marker protein G3BP1 after CVB3 infection and that the cleavage was independent of host
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caspase activity (data not shown) but was directly due to 3C"™ activity. Like other viruses in the
Picornaviridae family, such as PV and EMCV ' ¥ G3BP1%%F was cleavage resistant to
3CP™ activity. This cleavage separates the NTF2-like domain from the RRM domain of G3BP1,
which may lead to the failure to form specific protein-RNA aggregates. We speculate that
dissociation of NTF2-like domain from the RRM domain may be a conserved mechanism across
Picornaviridae viruses. We also demonstrated that overexpression of GFP-G3BP1 resulted in a
reduction of viral protein expression, transcripts, and viral titres. In contrast, SIRNA knockdown
of endogenous G3BP1 led to an increase in VP1 expression, transcripts, and viral titres,
indicating that SGs negatively regulate CVB3 replication. It is important to note that the ~22.5
fold increase in viral titres after siG3BP1 treatment may be an additive effect of secreted
interferon proteins that were collected in the supernatant of CVB3-infected cells.

Although G3BP1-SGs are disrupted during PV, EMCV and CVB3 infection, the
pathological significance of the cleavage fragments remains unclear. Our studies showed that
3CP™ cleaved G3BP1 at Q325, producing a C-terminal fragment of G3BP1 that inhibits SG
formation and promotes CVB3 replication. In contrast, the N-terminal fragment of G3BP1 failed
to result in any difference in G3BP1-SG formation and disassembly. Future studies will be
required to further explore the molecular mechanism by which G3BP1-Cyy, interferes with
G3BP1-SG formation and the molecular basis of the pro-viral action of G3BP1-Ci. It is
important to note that the cleavage of full-length G3BP1 may not be the primary cause of SG-
disassembly, but actually the production of a dominant-negative peptide. Thus complete
cleavage of full-length protein may not be entirely necessary to cause G3BP1-SG disassembly.

Our data using a CVB3-Cy5 oligonucleotide showed that G3BP1-SGs and positive-sense

viral transcripts failed to co-localize. Furthermore, CVB3 transcripts lack formation of cytosolic
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punctates, which may suggest that CVB3 transcripts do not necessarily require any distinct host
organelles for replication and protein production. Therefore, G3BP1-SGs may cause activation
of downstream effectors such as interferon and NF-«B pathways to negatively impact CVB3
replication.

The observation that SG disassembles due to G3BP1 cleavage by 3CP* indicates a crucial
anti-viral role of SGs in enteroviral infection. While this study does not provide direct evidence
of anti-viral activities regulated by G3BP1-SGs, others have demonstrated that SG accumulation
induced by EMCYV and PV infection enhances the production of interferon f, IL-6, CXCL10 and
RANTES (regulated on activation normal T cell expressed and secreted), leading to reduced viral
replication 2% 182,

CVB3 has been demonstrated to interfere with cellular translation, apoptosis/survival, and
NF-kB activation through the action of its proteases 3% 22% 22%2%. 237 The ghservation in this
study of the dominant-negative effect of the G3BP1-Cim, cleavage fragment on G3BP1-SG
formation extends our understanding of how Picornaviridae viruses may strategically target
proteins critical for cellular responses. This mechanism might serve as a second level of
regulation to further reduce SG formation and promote viral replication. Future investigation is
warranted to further investigate the anti-viral effects of G3BP1-SGs and how the cleavage
fragments may possibly be multifaceted in inhibiting anti-viral responses.

Since the publication of this work, other researchers have also confirmed the cytoprotective
role of G3BP1-SGs during viral infections. For example, Reineke et al. ** demonstrated that
G3BP1 actively promotes innate immune responses against several enteroviruses at both the
transcriptional and translational levels by recruiting PKR to G3BP1-SGs. In addition, Yoo et al.

9 demonstrated that ATP-dependent RNA helicase plays a critical role in enhancing RIG-I
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signaling by facilitating PKR-mediated anti-viral stress granule formation. These studies further
confirm the cytoprotective and anti-viral role of G3BP1-SGs due to G3BP1 aggregation during
enteroviral infections. Altogether, the observation that multiple enteroviral infections conserved
the ability to actively cleave G3BP1 and disrupt G3BP1-SGs suggests that G3BP1 aggregation

plays a significant cytoprotective role during enteroviral infection.

68



Chapter 4: Cytoplasmic Translocation, Aggregation and Cleavage of TDP-43

by Enteroviral Proteases Modulate Viral Pathogenesis

4.1 Background

TDP-43 is an hnRNP that plays a critical role in transcriptional regulation and pre-mRNA
maturation of target transcripts through interacting with ribonucleoprotein complexes in the
nucleus " 1% Despite being functionally different from G3BP1, TDP-43 also harbors protein-
RNA interaction domains (RRM1 and RRM2), and a protein-protein interaction domain
(glycine-rich C-terminal domain) for self-aggregation. Furthermore, under various cellular stress
condition, TDP-43 was shown to mislocalize from the nucleus to cytoplasmic SGs **® 2. While
SGs play a cytoprotective role during cellular stress, cytoplasmic redistribution of TDP-43 to

238, 239, 240

SGs has been shown to acquire a toxic gain-of-function and serve as a molecular

hallmark for most forms of ALS and FTLD and contribute significantly to disease progression 2**
239. 280 However, the role of TDP-43 in virus-induced diseases has not been studied. Recent
evidence suggests that CVB3-induced pathogenesis resembles the pathological features of
neurodegenerative disease, i.e. abnormal accumulation of insoluble, misfolded protein

aggregates (also known as proteinopathies) 100 %4 242

, prompting us to hypothesize that
dysregulation of TDP-43 during CVB3 infection plays a role in viral pathogenesis, and probably
viral infectivity as well.

Although CVB3 replication takes place exclusively in the cytoplasm, viral infection has
been demonstrated to lead to cytoplasmic translocation of hnRNPs 2*. For example, hnRNP D

has been shown to translocate from the nucleus to the cytoplasm during enteroviral infection **

2> Moreover, hnRNP D is cleaved by 3CP™ and has an anti-viral function against enteroviral
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infection % ¥, Cytoplasmic translocation after enteroviral infection has also been demonstrated
for several other hnRNPs (A1, C, K and M) ?*® 27 however the significance remains unclear.
Understanding the mechanism by which CVB3 may alter transcriptional regulators, such as
hnRNPs, may aid in understanding viral-pathogen interaction.

In this study, we demonstrate that CVB3 infection causes a cytoplasmic redistribution
and aggregation of TDP-43 in a 2AP"-dependent manner, followed by its cleavage mediated by
3CP™, leading to the loss-of-function of native TDP-43. Our data also revealed that the N-
terminal cleavage fragment of TDP-43 acts as a dominant-negative mutant that inhibits the
biological activity of native TDP-43 in regulating RNA splicing. We further demonstrate a host-
protective function for TDP-43 against CVB3 infection. Collectively, these results are the first to
show TDP-43 proteinopathies in a model outside neurodegenerative disease and suggest a

mechanism evolved by enteroviruses to promote viral infection and induce viral pathogenesis.

4.2 Objective and specific aims

The objective of this chapter is to study the interaction between CVB3 infection and the
DNA/RNA binding protein TDP-43.

The SPECIFIC AIMS include:
Aim 1: To examine the effect of CVB3 infection on TDP-43 localization and protein expression;
Aim 2: To examine the mechanisms by which CVB3 dysregulates TDP-43; and

Aim 3: To examine the significance of TDP-43 in CVB3 infection.
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4.3 Results
4.3.1 Coxsackievirus B3 infection induces TDP-43 cleavage

It is well-established that TDP-43 proteinopathies contribute to the pathological
progression of motor-neuron diseases 240 248 249,230, 251. 252 5\yever the interaction between virus
infection and the host TDP-43 pathway has not yet been explored. In this study, we first
examined the protein expression of TDP-43 in various models of CVB3 infection. We
demonstrated the production of a previously undetermined immunoreactive fragment of ~35 kDa
in A/J mouse heart challenged with 9 days of CVB3 infection (Figure 14A). We then verified
this observation in cell culture models where protein expression of TDP-43 was decreased after
CVB3 infection, accompanied by the appearance of a similar 35 kDa band in both primary
isolated mouse cardiomyocytes (Figure 14B) and HeLa cells (Figure 14C). To further
determine whether the observed fragment is virus-induced, we transiently expressed exogenous
HA-TDP-43-GFP in HeLa cells. Following 7 hrs of CVB3 infection, we showed the generation
of a similar 35 kDa fragment using an anti-HA antibody, suggesting that TDP-43 is targeted for

cleavage following CVB3 infection (Figure 14D).
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A) TDP-43 expression in A/J mouse heart following 9 days of CVB3 infection. Heart extracts
were processed for western blot analysis for protein expression of TDP-43 using an anti-N-
terminal TDP-43 antibody. GAPDH level was examined as a protein loading control. B, C) TDP-
43 protein expression in primary mouse cardiomyocytes B) and HelLa cells C) infected with
CVB3 at an MOI of 100 and 10, respectively, for various times as indicated. Western blot
analysis was conducted as described above for the detection of protein expression of TDP-43,
viral capsid protein VP1, and B-actin (loading control). D) Cleavage of TDP-43 following CVB3
infection. HeLa cells were transiently transfected with a plasmid expressing HA-TDP-43-GFP,

followed by 7 hrs of CVB3 infection. Cells were harvested and processed for western blotting
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using an anti-HA antibody to detect exogenous TDP-43. * indicates a cleaved TDP-43 band at
~35 kDa. cp, cleavage product. Protein levels of pro- and cleaved TDP-43 were quantified by
densitometric analysis using NIH ImageJ, normalized to GAPDH or B-actin, and presented

underneath each blot.

4.3.2 Viral protease 3C cleaves TDP-43 at amino acid Q327

To determine whether viral proteases contribute to the cleavage of TDP-43 following
CVB3 infection, we carried out an in vitro cleavage assay. Our data showed the production of a
similar 35 kDa fragment in HeLa cell lysates upon incubation with viral protease 3C in a time-
dependent manner (Figure 15A). We further demonstrated that the catalytically inactive mutant
of 3C failed to cleave TDP-43 (Figure 15B). Taken together, our data indicates that 3C is
responsible for TDP-43 cleavage.

It was previously reported that TDP-43 could be targeted by caspases, resulting in the
generation of pathological C-terminal cleavage fragments %> % 2%® To eliminate the possibility
that the above-detected fragment of TDP-43 is due to caspase-induced cleavage, we
pharmacologically inhibited caspase activity using Z-VAD-FMK. Figure 15C showed that
treatment with Z-VAD-FMK did not block the generation of the ~35kDa cleavage products at 7
hrs post-infection. This is expected since caspase-3 was not activated at this time point (Figure
15D). It was previously shown that CVB3 infection induces caspase activation at a late stage of
viral infection ®® 2" %8 \We then extended the period of viral infection to 9 h. Figure 15D
showed that caspase-3 was activated at this time point as evidenced by the cleavage of caspase-3
and addition of Z-VAD-FMK inhibited this cleavage. As show in Figure 15E, three cleavage

fragments, that is, ~35 kDa, ~32 kDa, and ~25 kDa, were detected in CVB3-infected cells. The
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lower two bands were undetected, while the upper band accumulated in cells treated with
caspase inhibitor (Figure 15E). Collectively, our results suggest that the production of the ~35

kDa bands is not a result of caspase activation.
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Figure 15. TDP-43 is cleaved by viral protease 3C

A and B) Cleavage of TDP-43 by viral protease 3C. A) HeLa cell lysates (50 pg) were incubated
with or without viral protease 3C (0.1 pg) for different times as indicated. B) Protein extracts
from HelLa cells transiently expressing HA-TDP-43-GFP were incubated with wild-type or
catalytically inactive mutant of 3C (3Cmut) for 16 hrs. In vitro cleavage assay was performed as
described in the ‘Materials and Methods’. Expression of TDP-43 was examined using an anti-N-
terminal TDP-43 A) or anti-HA antibody B). C-E) Effects of general caspase inhibition on
CVB3-mediated TDP-43 cleavage. HeLa cells were infected with CVVB3 for 7 hrs C) or 9 hrs E)
in the presence or absence of Z-VAD-FMK (zVAD, 50 uM). Western blotting was performed to
examine the expression of TDP-43 using an anti-N-terminal TDP-43 antibody and the cleavage
of caspase-3 by an anti-caspase-3 antibody D). VP1 and B-actin was detected as described above.
* indicates a cleaved TDP-43 band at ~ 35 kDa. ‘-’, vehicle control (treated with DMSO).

Densitometric analysis was carried out as in Figure 15.
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Using netpicoRNA V1.0 algorithm, several potential cleavage sites on TDP-43 were
predicted. On the basis of the predicted sites, point mutants of TDP-43 were constructed by site-
directed mutagenesis. Among these mutants, TDP-43-Q327L, in which the glutamine (Q) at
position 327 was replaced with leucine (L), was cleavage resistant, indicating TDP-43 is cleaved
at 327 (Figure 16A). In vitro cleavage assay further confirmed that TDP-43-Q327L failed to be
cleaved by 3CP, while wild-type TDP-43 was proteolytically processed by 3C"°, but not 2AP"°
(Figure 16B). Collectively, our data suggest that TDP-43 is cleaved by 3CP* at Q327, generating
a 35 kDa N-terminal (TDP-43-N) and an 8 kDa C-terminal cleavage fragment (TDP-43-C)

(Figure 16C).
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Figure 16. TDP-43 is cleaved at Q327

A) HeLa Cells transiently transfected with HA-TDP-43-GFP (WT) or HA-TDP-43%**'"_GFp
(Q327L) were either sham or CVB3-infected for 7 hrs. Cells were harvested for western blot
analysis of the expression of TDP-43 using anti-HA antibody, VP1, and B-actin. Densitometric
analysis was carried out as in Figure 15. B) Fifty microgram of protein extracts from HelLa cells
transiently expressing WT or HA-TDP-43%?"-GFP was incubated with increasing
concentrations of viral protease 3C or 2A as indicated for 8 hrs. CVB3-infected HelLa lysates
were used as a control to compare the generation of similar 35 kDa cleavage fragments. Protein
expression of TDP-43, VP1, and B-actin was detected as described above. * indicates a cleaved

TDP-43 band at ~35 kDa. C) Schematic diagram of the functional domains, the identified
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cleavage site, and the resulting cleavage fragments of TDP-43. RRM, RNA-recognition motif;

NLS, nuclear localization signal; and NES, nuclear export signal.

4.3.3 Viral protease 2A is responsible for cytoplasmic translocation and aggregation of
TDP-43

Cytoplasmic translocation and aggregation of TDP-43 are the pathological hallmarks for
ALS and FTLD **°. To understand the effect of CVB3 infection on TDP-43 localization, we
utilized a fluorescent mCherry tagged TDP-43. As shown in Figure 17A, TDP-43 was localized
exclusively in the nucleus in sham-infected cells, upon infection TDP-43 was translocated from
the nucleus to the cytosol. Increasing evidence has shown that cytoplasmic TDP-43 localizes to
stress granules (SGs) to form protein aggregates 2% %% %1 Here we used a construct expressing
EGFP tagged G3BP1 as previously mentioned in Chapter 3. Similar to our previous findings ‘%,
CVB3 infection induced the formation of SGs at 3 hrs post-infection. Interestingly, we found that
~83% of cells infected with CVB3 exhibited punctate cytoplasmic staining patterns of TDP-43,
co-localizing to G3BP1-SG aggregates (Figure 17A). We further determined whether viral
proteases are responsible for the translocation of TDP-43. Figure 17B demonstrated that
transient expression of 2AP", but not 3C™°, elicited significant cytoplasmic redistribution and
aggregate formation of TDP-43, similar to those observed during viral infection, indicating that
2AP expression is sufficient and responsible for cytoplasmic translocation and aggregation of

TDP-43 during CVB3 infection.
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Figure 17. Viral protease 2A is responsible for cytoplasmic relocalization and aggregation

of TDP-43 during CVB3 infection
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A) Cytoplasmic redistribution and aggregation of TDP-43 after CVB3 infection. HeLa cells
transiently co-expressing HA-TDP-43-mCherry and EGFP-G3BP1 were sham- or CVB3-
infected for 3 hrs. Confocal fluorescence images are presented (TDP-43, red; G3BP1, green;
nucleus, DAPI (blue)). Percentage of cells expressing cytoplasmic TDP-43 was quantified over
10 different images as described in “Materials and Methods” B) Localization of TDP-43 after
viral protease expression. HeLa cells were transiently co-transfected with HA-TDP-43-GFP and
viral protease 2A, 3C or empty vector for 24 hrs. Immunostaining was carried out for the
detection of TDP-43 using anti-HA antibody (Alexa-fluor-594, red). Cell nuclei were
counterstained with DAPI (blue). Percentages of TDP-43-positive cells expressing cytoplasmic

TDP-43 in 10 different images are shown to the right.

4.3.4 TDP-43 solubility is reduced following CVB3 infection

It was previously reported that, under disease condition, the solubility of TDP-43 is
changed and altered solubility is correlated with cytoplasmic translocation and aggregation of
TDP-43 and disease progression 2% %% 23 Tq determine whether CVB3 infection affects TDP-
43 solubility, cells were infected with CVB3 for 7 h and cellular proteins were extracted
sequentially using RIPA and urea buffers. In CVB3-infected cells, both native and cleavage
forms of TDP-43 were transferred to the RIPA-insoluble, urea-soluble fractions (Figure 18),

suggesting that the solubility of TDP-43 is decreased after CVB3 infection.
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Figure 18. TDP-43 solubility is reduced in cells infected by CVB3

HeLa cells were infected with CVB3 for 7 hrs, cell lysates were harvested and proteins were
sequentially extracted using RIPA and Urea buffers. Western blotting was performed using an
anti-N-terminal TDP-43 antibody for the detection of full-length and the N-terminal cleaved
form of TDP-43. Expression of GAPDH was examined to evaluate the purity of protein
extraction (GAPDH is presented in RIPA-soluble fraction) and as a loading control. * indicates
the N-terminal fragment of TDP-43. RIPA-S, RIPA buffer-soluble; RIPA-I, RIPA buffer-

insoluble. Densitometric analysis was carried out as in Figure 15.

4.3.5 TDP-43-N localizes to stress granules to form protein aggregates while TDP-43-C is
rapidly degraded via the proteasomal pathway

To explore the possible significance of TDP-43 cleavage during CVB3 infection, we
cloned the human TDP-43 N- (amino acids 1-327) and C- (amino acids 328-414) terminal
cleavage products into a vector expressing an HA tag. Western blotting verified the protein
expression of full-length and N-terminal TDP-43 after transient transfection (Figure 19A).
However, TDP-43-C failed to be detected following transfection (Figure 19A). Previous studies
have demonstrated degradation of caspase-induced cleavage products of TDP-43 by the

proteasome 2%, To determine whether TDP-43-C is rapidly degraded following transient
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transfection, HelLa cells were treated with bafilomycin or MG132 to inhibit autophagic and
proteasomal pathways, respectively. Figure 19B showed that treatment with MG132, but not
bafilomycin, rescued TDP-43-C protein expression. This data suggests that the C-terminal
fragment is quickly turned over through proteasome-mediated proteolysis, contributing to the
loss-of-function of TDP-43 following CVB3 infection. Furthermore, we examined the
localization of the cleavage products. TDP-43-C signal was undetectable by confocal
microscopy, which is likely due to its instability (data not shown). TDP-43-N was localized to
the nucleus in sham-infected or vector control cells, but translocated to SG aggregates in the
cytoplasm upon CVB3 infection or 2A expression (Figure 19C). These results indicate that, in

addition to full-length TDP-43 (Figure 17B), the TDP-43-N fragment is also able to localize to

G3BP1-SGs.
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Figure 19. TDP-43-C is rapidly degraded by the proteasome pathway and TDP-43-N
localizes to stress granules to form protein aggregates after CVB3 infection

A) Protein expression of full-length and truncated forms of TDP-43. HelLa cells were transiently
transfected with HA-TDP-43-GFP, HA-TDP-43-N, or HA-TDP-43-C as indicated. Protein
expression of various types of TDP43 was detected using an anti-HA antibody. The level of -
actin was examined as a loading control. B) TDP-43-C is degraded through the proteasome
pathway. HeLa cells were transiently transfected with HA-TDP-43-C in the presence of 200 nM
bafilomycin (a lysosome inhibitor), 1 uM MG132 (a proteasome inhibitor), or equal volume of
DMSO as a vehicle control for 24 h. Western blotting was performed using an anti-C-terminal
TDP-43 antibody which detects both endogenous TDP-43 (~43 kDa) and exogenous HA-TDP-

43-C (~8 kDa). Densitometric analysis of TDP-43 proform, TDP-43-N and TDP-43-C was
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carried out as in Figure 15. C) Cytoplasmic localization and aggregation of TDP-43-N following
either CVB3 infection or viral protease 2A expression. HelLa cells were transiently co-
transfected with HA-TDP-43-N and EGFP-G3BP1 for 24 h, followed by either CVB3 infection
for 3 hrs or second-round of transfection with viral protease 2A as indicated. Immunostaining
was performed for the detection of TDP-43-N using anti-HA antibody (Alexa-fluor-594, red).
Cell nuclei were counterstained with DAPI (blue). GFP signal of EGFP-G3BP1 is shown in

green. Percentage of cells expressing cytoplasmic TDP-43 was quantified as in Figure 18.

4.3.6 TDP-43-N compromises the function of native TDP-43 in CFTR exon 9 skipping

TDP-43 plays an important role in the regulation of alternative splicing %> %% %7 To
determine whether TDP-43-N has an impact on the function of native TDP-43 in RNA splicing,
we utilized a well-established technique, Cystic fibrosis transmembrane conductance regulator
(CFTR) exon 9 skipping *** ?®. TDP-43 facilitates exon 9 skipping by interacting with UG
repeats in intron 8 of CFTR pre-mRNA, thus generating an exon 9-deficient transcript at resting
states 171925 e a cells were transiently transfected with a CFTR minigene reporter construct
(TG(13)T(5)) %** 2%, together with empty vector, full-length TDP-43 or TDP-43-N. Transfection
was carried out for 24 hrs to achieve desired expression levels of TDP-43-N similar to those
observed in virus-infected cells. RT-PCR was performed to detect the transcripts of CFTR
reporter plasmid. We found that expression of TDP-43-N resulted in a significant decrease in
CFTR exon 9 skipping (decreased ratio of spliced to unspliced exon 9) relative to vector controls
(Figure 20). These results suggest that the N-terminal cleavage fragment of TDP-43 functions as

a dominant-negative mutant that inhibits the activity of native TDP-43 in regulating RNA

splicing. It was noted that transient transfection of full-length TDP-43 did not further increase
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CFTR splicing compared to empty-vector control (Figure 20), in contrast to an early report *.

The discrepancy is likely due to the differences in the basal levels of endogenous TDP-43
activity and the amount of exogenous TDP-43 transfected between two studies. The endogenous
TDP-43 exon skipping activity in our study appeared to be already high (higher than that in their

254

study “>"). Thus, modest increase of exogenous TDP43 due to a shorter term of transfection (24

hrs in our study versus 48 hrs in their report **

) may not be sufficient to promote further increase
in exon 9 exclusion. Our result is consistent with an early report with the same period of TDP-43
transfection (24 hrs) showing that exon skipping activity in cells expressing exogenous TDP-43
is comparable to cells expressing empty-vector, but significantly higher compared to cells

depleted of TDP-43 %4,
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Figure 20. TDP-43-N compromises the function of native TDP-43 in CFTR splicing

HelLa cells were transiently co-transfected with CFTR reporter construct (TG(13)T(5)) with
empty vector control, full-length TDP-43 or TDP-43-N for 24 hrs. RNA was extracted and RT-
PCR was performed to examine CFTR exon 9 skipping. PCR products were visualized on 1.5%
agarose gels (upper panel) and quantified by NIH imageJ software and presented as ratios of
spliced to unspliced exon 9 (mean £ SD, n=3) (lower panel). ** p < 0.01. Arrows indicate

previously documented splicing variants. Exon 9 inclusion (+) and exclusion (-) are shown.

4.3.7 TDP-43 knockdown promotes CVB3 replication

To determine whether TDP-43 plays a role in CVB3 infection, HelLa cells were treated
with siRNA specific for TDP-43 mRNA, followed by viral infection. Figure 21A & B showed
that gene-silencing of TDP-43 resulted in an approximately 2-fold increase in virus titers as

compared with control, indicating a host protective effect of TDP-43 against CVB3 infection. To
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further understand the potential mechanism by which knockdown of TDP-43 enhances viral
replication, immunostaining was performed to determine whether TDP-43 interacts directly with
the viral RNA. We utilized a double-stranded RNA (dsRNA) antibody to monitor the
accumulation of viral replication intermediates. Confocal microscope images and Pearson’s
correction analysis showed that TDP-43 signal did not significantly co-localize with dsRNA
staining (Fig. 22C), suggesting that the anti-viral activity of TDP-43 may not be through direct
binding with CVB3 RNA and subsequent interfering with its replication, rather than an indirect

mechanism.
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Figure 21. Knockdown of TDP-43 enhances CVB3 replication

HelLa cells were transfected with SiRNA targeting TDP-43 (siTDP-43) or a scramble siRNA
(siCon) for 48 hrs followed by CVB3 infection for 16 hrs at an MOI of 1. A) Western blotting
was conducted to examine protein expression of TDP-43 and p-actin (loading control).
Densitometric analysis was performed as in Figure 15. * indicates the N-terminal cleavage
fragment of TDP-43. B) Plaque assay was carried out to assess viral titers in the supernatant.
Viral titers were expressed as plaque formation units (pfu) per milliliter and presented as mean +
SD (n=3), * p < 0.05. C) Localization of TDP-43 and dsRNA in the cytoplasm of CVB3-infected
cells. HeLa cells were transfected with HA-TDP-43 for 24 hrs, followed by CVB3 infection for 3

hrs. Immunostaining was carried out for the detection of TDP-43, using an anti-HA antibody
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(green) and dsRNA using anti-dsRNA antibody (red). Cell nuclei were counterstained with
DAPI (blue). Pearson's Correlation Coefficient (PCC) was calculated using Volocity software
Version 5.2.1 over at least 3 images.
4.4  Discussion

In this study, we provide the first evidence that TDP-43 is manipulated by enteroviruses
to contribute to viral pathogenesis and viral replication. TDP-43 is a nuclear-cytoplasmic
shuttling protein passing across the nuclear membrane through the activity of its intrinsic nuclear
localization signal (NLS) and nuclear export signal (NES). However, under normal conditions,
TDP-43 is predominantly localized to the nucleus. In neurodegenerative diseases, patients
suffering from ALS or FTLD exhibit cytoplasmic translocation of TDP-43 240 20, 251,259,262
this study, we showed a similar translocation pattern of TDP-43 from the nucleus to the
cytoplasm following CVB3 infection. As enteroviral protease 2A was previously shown to
cleave key components of the nuclear pore complex, resulting in the disruption of nuclear import
pathways and consequent cytoplasmic redistribution of selective nuclear proteins, including

several members of the hnRNPs 108 246 268, 269

, we asked whether expression of 2A is sufficient to
induce similar cytoplasmic translocation patterns of TDP-43. Our data indicates that transient
expression of 2A in cells recapitulates this phenomenon, indicating that 2A is responsible for the
cytoplasmic translocation of TDP-43. Identification of TDP-43 as another member of hnRNPs
undergoing cytoplasmic relocalization during CVB3 infection suggests that modulation of
hnRNP distribution may be a common strategy exploited by enteroviruses to allow for efficient

viral production. Although 3C can directly cleave TDP-43 and the cleavage products tend to

promote aggregation, expression of 3C alone was unable to induce cytoplasmic translocation and
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aggregation of TDP-43. This is because the absence of viral infection or viral protease 2A, TDP-
43 remains in the nucleus, inaccessible to 3C that is mainly present in the cytoplasm.

TDP-43 proteinopathies are characterized by reduced solubility and increased cytoplasmic
accumulation of TDP-43 as ubiquitinated protein aggregates 2*°. Here we demonstrated that
CVB3 infection causes a decrease in solubility of both native and the N-terminal cleaved form of
TDP-43. These findings are accompanied by the observations that CVB3 infection or ectopic
expression of 2A induces cytoplasmic redistribution and aggregation of full-length and N-
terminal TDP-43. In addition to reduced solubility, a number of studies have shown that mutated
TDP-43 and caspase-derived C-terminal TDP-43 fragments that are often detected in the brain of
ALS and FTLD patients are highly prone to aggregation 24" 2% 262 283 £yrthermore, it was
reported that wild-type TDP-43 and cytoplasmically restricted TDP-43 (mutated at its NLS) are
also able to form protein aggregates in the cytoplasm, which are associated with increased TDP-
43 phosphorylation and ubiquitination, and co-localized with SG markers *®* 2. The exact
mechanism leading to decreased solubility and increased aggregation of TDP-43 following
CVB3 infection is still not known, but could be related to cytoplasmic translocation of TDP-43,
which allows for direct interaction of the two RNA-recognition motifs (RRM 1 and 2) on full
length TDP-43 and TDP-43-N, with cytosolic SGs containing various RNA transcripts and
proteins that are involved in protein ubiquitination and phosphorylation.

SGs are dynamic cytoplasmic aggregates of stalled initiation complexes that play an anti-
viral role against enteroviral infection *** 1223 \We have previously demonstrated that shutoff
of host protein translation upon CVB3 infection triggers the formation of SGs at ~3 hrs post-
infection and protease 3C-mediated cleavage of G3BP1 contributes, at least in part, to SG

121

disassembly at ~5 hrs post-infection (Chapter 3) . Similar to these findings, cytosolic
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aggregates of TDP-43 are formed and co-localize to SGs at ~3 hrs (Figure 17A) and then
disassembled at late stage of viral infection (data not shown). Cytoplasmic TDP-43 has been
identified as a component of SGs in response to stress; it is thus plausible that formation and
disappearance of TDP-43 aggregates are the consequences of SG assembly and disassembly.
Whether TDP-43 also plays a role in coxsackieviral modulation of the formation and
disassembly of SGs and the significance of TDP-43 accumulation in SGs are still unknown and
warrant future investigations.

While both the ubiquitin-proteasome system and autophagy are implicated to play a role in
the disposal of TDP-43, TDP-43 is a relatively stable protein with a half-life between 12 to 34
hrs depending on the cell types 2*°. In this study, we found that the 3C-induced TDP-43-C is
highly labile and undetectable in cells either infected by CVB3 or transiently expressing TDP-
43-C. We further demonstrated that TDP-43-C is rapidly degraded through the proteasome
pathway as treatment with the proteasome inhibitor restores the protein level of TDP-43-C. This
finding is consistent with previous observation that caspase-induced C-terminal truncation
product of TDP-43 has a much shorter half-life (~4 hrs) compared with full-length TDP-43 2*°,
The molecular basis leading to increased turnover of TDP-43-C remains unclear. It is postulated
that cleavage may cause conformational change of TDP-43-C, which enables it for direct and
quick access to the chamber of the 20S proteasome 2’*. Since TDP-43-C contains a portion of the
glycine-rich region that is required for its interaction with other hnRNPs, and for the regulation

of alternative splicing and transcriptional activity **®

, We propose that rapid removal of TDP-43-
C contributes to the loss-of-function of TDP-43 following CVB3 infection.
In addition to loss-of-function, our results also suggest a gain-of-toxic-function for TDP-

43-N. We demonstrated that expression of TDP-43-N in HelLa cells, which contain abundant
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endogenous TDP-43, results in a significant reduction of CFTR splicing, indicating that TDP-43-
N inhibits the biological functions of native TDP-43 as a dominant-negative mutant. TDP-43-N
comprises both RRM 1 and 2, but lacks the C-terminal glycine-rich region that plays a key role
in modulating RNA splicing 2. Thus, we speculate that TDP-43-N negatively regulates the
activity of native TDP-43 by competing for substrate RNA binding without being able to
regulate RNA maturation. However, the significance of TDP-43 function during viral infection
remains unknown.

Our finding that knockdown of TDP-43 results in a significant increase in viral titers
suggests an anti-viral function for TDP-43 against CVB3 infection. Like other viral pathogens,
enteroviruses have evolved to manipulate host proteins to provide a favorable environment for
productive viral infections. Among them, several members of the hnRNPs family have been
previously shown to play a role in regulating viral replication 108 244 245 272 273, 274, 215 pop
examples, hnRNP C and K were documented to interact with the non-coding regions of
enteroviral RNA to facilitate translation initiation and RNA synthesis 2’2’32 Similar to our
findings in the current study, enteroviral infection causes cytoplasmic redistribution and cleavage
of hnRNP D and deletion of this protein results in enhanced viral replication, suggesting that
hnRNP D acts as a host restriction factor against enterovirus infection % 4424 The anti-viral
mechanisms of hnRNP D appear to involve negative regulation of IRES-mediated translation of
viral RNA via direct interaction with the IRES of enteroviruses 2** 2% and viral RNA
degradation by targeting the 3’-UTR of enteroviral genome % 2®. The exact mechanism of
TDP-43 suppressing CVB3 replication remains to be clarified. In this study, we tested our
hypothesis that TDP-43 interacts directly with the viral RNA through its RRM domains, leading

to the inhibition of viral translation and RNA replication. However, our data does not support
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this notion since TDP-43 and viral RNA intermediates do not appear to co-localize, indicating an
indirect mechanism of TDP-43 action. We speculate that TDP-43 inhibits CVB3 replication by
regulating its host RNA substrates that have either pro- or anti-viral functions, instead of direct
targeting on viral genome. It is important to note that TDP-43 functions as a complex of
transcriptional regulators and hnRNPs. Thus, we argue that single knockdown of TDP-43 may
only moderately ameliorate viral replication as observed in the current study, whereas collective
modulation of multiple hnRNPs would yield a greater impact on viral replication.

On the basis of the results in the present study, we propose a model by which CVB3
manipulates the TDP-43 pathway, contributing to viral pathogenesis (Figure 22A-E). Under
normal conditions, TDP-43 participates in regulating RNA maturation in the nucleus. Upon
CVB3 infection, viral protease 2A induces redistribution of TDP-43 from the nucleus to the
cytoplasm (Figure 22A), where TDP-43 is targeted by viral protease 3C for cleavage at Q327 to
yield two previously undiscovered cleavage fragments, TDP-43-N and TDP-43-C (Figure 22B).
Cytoplasmic translocation of TDP-43 causes decreased solubility and increased aggregation of
TDP-43 (Figure 22C). The TDP-43-C fragment is rapidly degraded through the proteasomal
pathway, leading to its loss-of-function (Figure 22D), whereas TDP-43-N is prone to form
aggregates (Figure 22C) and negatively regulates the function of native TDP-43 in alternative
RNA splicing, possibly through competing for substrate RNA binding (Figure 22E). Taken
together, our findings are the first to document enteroviral manipulation of TDP-43 during
infection, leading to a phenotype similar to TDP-43 proteinopathies observed in
neurodegenerative diseases. Whether aggregation of TDP-43 plays a cytoprotective or

detrimental role during viral infection remains to be further elucidated, however our studies
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indicate that the cytoplasmic aggregation, misfolding and cleavage of TDP-43 during CVB3

infection may alter proper mMRNA maturation, contributing to virus-induced cardiomyopathy.
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Figure 22. Proposed model of CVB3 manipulation of TDP-43 pathway

Nuclear TDP-43 participates in the regulation of RNA metabolism under normal condition. A)
Upon CVB3 infection, viral protease 2AP™ causes the translocation of TDP-43 from the nucleus
to the cytoplasm, where B) TDP-43 is cleaved at amino acid Q327 by viral protease 3C"™° to
generate TDP-43-N and TDP-43-C. C) The solubility of cytoplasmic full-length TDP-43 and
TDP-43-N is reduced and prone to aggregation. D) TDP-43-C is rapidly degraded via the
proteasomal degradation pathway, leading to its loss-of-function, whereas E) TDP-43-N
functions as a dominant-negative mutant, which inhibits the biological activity of TDP-43 in

RNA splicing.
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Chapter 5: G3BP1 Negatively Regulates Autophagy Potentially via Direct

Recruitment of STAT3

5.1 Background

Cells are tasked with maintaining a constant internal environment conducive for vital
biochemical processes while counteracting endogenous and environmental stresses. Examples of
such cellular stresses include hypoxia, heat-shock, oxidative stress, viral infection, and
starvation. Cells have developed intricate, multi-faceted mechanisms to counteract such stressful
conditions and reinforce survivability. Failure to cope with internal and external stresses can lead
to metabolic dysregulation, genetic instability, and ultimately cell death. As a result,
understanding how stress-response mechanisms are orchestrated provides the fundamental
knowledge required to understand the development and pathogenesis of diseases, including
virus-induced diseases.

Autophagy, as mentioned earlier, is a cellular self-digestion process that removes
misfolded proteins and damaged organelles and plays critical roles in numerous forms of cellular
stress responses. Autophagy was previously reported to have an important function in the
clearance of SGs in yeast and mammalian systems *°*. However, the influence of SGs themselves
on autophagic function has not yet been explored. In this study, we investigated the possible co-
regulation between the two stress mechanisms.

A properly coordinated stress response is critical to maintaining cell viability. All cells
can experience stress; however, those that are quiescent, such as cardiomyocytes and neuronal
cells, and experiencing prolonged, unresolved stress pose the greatest risk of permanent tissue

damage. The findings in this study may contribute to future therapeutics development for
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bolstering cell defenses against stress, thereby salvaging functional tissue from acute stressors or

chronic degenerative disease.

5.2 Objective and specific aims

The objective of this chapter is to investigate the influence of G3BP1-SGs on autophagic
activation.

The SPECIFIC AIMS include:
Aim 1: To examine the effect of G3BP1 overexpression and knockdown on autophagic
activation; and

Aim 2: To examine the mechanisms by which G3BP1 regulates autophagy.

5.3 Results
5.3.1 Optimization of starvation-induced autophagy in HEK293 cells

In this study, HEK293 cells were used due to their lower basal level of autophagy as
compared to HelLa cells 2. In order to study the effects of G3BP1 on autophagy, we first
characterized autophagy dynamics in HEK293 cells by measuring p62 degradation (a substrate
protein of autophagy-mediated degradation) and LC3-1 lipidation to LC3-I1 (also known as LC3-
I/LC3-11 conversion, a marker of autophagosome formation) under starvation stress. HEK293
cells starved with HBSS for 0 to 6 hrs in 30 min intervals showed a decreasing level of p62
protein as starvation progressed (half-life ~4 hrs) (Figure 23A). In addition, LC3-11 level rapidly
peaked after 1 hr starvation, and slowly decreased as starvation progressed. Thus, our subsequent
studies in this chapter will use 6 hrs and 1 hr starvation to analyze p62 degradation and

conversion of LC3-I to LC3-II, respectively. BAF, as mentioned earlier, is a well-established
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inhibitor of vacuolar-type H*-ATPase 2’®, and blocks acidification and protein degradation in
lysosomes. BAF was used as a positive control to restore p62 and LC3 protein levels during
prolonged starvation. Furthermore, titration experiments of BAF concentrations in HEK293 cells
after 6 hrs starvation demonstrated that treatment with 80.0 nM BAF is sufficient to saturate p62
and LC3-11 protein expression (Figure 23B). Therefore, the dosage of 80.0 nM BAF will be used

in the subsequent experiments.
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Figure 23. Starvation induces p62 degradation by 6 hrs, and LC3-I lipidation by 1 hr,
which can be restored optimally with 80.0 nM Bafilomycin

A) HEK293 cells were starved in HBSS buffer for up to 6 hrs in 30 min intervals. Cells treated
with 80.0 nM BAF were used as a positive control. B) HEK293 cells starved for 6 hrs were
treated with titrating amounts of BAF as indicated above. Protein lysates were collected for
western blot analysis of protein expression of p62, LC3-1 and -I1, and B-actin (loading control).
Densitometry was performed on triplicate samples, normalized to B-actin, and is shown as

relative values compared to non-treated controls (mean £+ SD, n=3).
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5.3.2 G3BP1 knockdown promotes autophagy

To determine whether G3BP1-SGs play a role in regulating autophagy, we examined the
influence of knocking down G3BP1 on autophagic activities in response to starvation. HEK293
cells were treated with a pool of siRNA specific for G3BP1 (siG3BP1) mRNA transcripts or
scramble siRNA (siCon) for 48 hrs, followed by starvation for various time-points as indicated
(Figure 24). Independent expression of each siRNA used in our siG3BP1 pool specific for the
G3BP1 transcript was not tested individually to investigate off-target effects. However, we
showed that siG3BP1-treated HEK293 cells yielded decreased G3BP1 protein level (Figure
24A, left panel), and failed to form G3BP1-SGs under starvation stress (Figure 24A, right
panel). Upon starvation for up to 6 hrs, siCon-treated cells exhibited similar p62 degradation and
LC3-I lipidation kinetics as shown in Figure 23A (Figure 24B). However, we found that p62
degradation was increased (half-life ~2.5 hrs) upon siG3BP1 treatment as compared to siCon
treated cells (half-life ~4 hrs) (Figure 24C). In addition, siG3BP1 treatment induced early LC3-I
lipidation to LC3-11 at resting states, followed by rapid LC3-II degradation by 1 hr starvation.
When comparing cells starved for 6 hrs, siG3BP1-treated cells showed significant decrease in
p62 protein expression both with and without BAF treatment, before and after G3BP1
knockdown (Figure 24D). LC3-I lipidation was also rapidly increased in siG3BP1 cells at
resting states, while 1 hr starvation demonstrated significant decrease in LC3-1I protein
expression as compared to siCon treated cells (Figure 24E) suggesting that G3BP1 knockdown
results in an increase in autophagic activity as measured by p62 degradation and LC3-I
lipidation. Furthermore, overexpression of TIA-1 and HuR did not alter p62 degradation and
LC3-I lipidation kinetics during cellular stress (data not shown). Altogether, these data suggest

that G3BPL1 plays a role in negatively regulating autophagic activity during cellular stress.
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Figure 24. G3BP1 knockdown promotes p62 degradation and LC3-1 lipidation

A) HEK293 cells were treated with either siCon or siG3BP1 for 48 hrs and analyzed for
successful knockdown of G3BP1 protein (left panel) and the lack of G3BP1-SGs in siG3BP1-
treated cells during starvation stress (right panel). HEK293 cells treated with B) siCon or C)
siG3BP1 were starved for up to 6 hrs in 30 minute intervals and protein lysates were collected to
analyze protein expression of p62, LC3-1 and -1, and B-actin (loading control). Cells treated with
siCon or siG3BP1 were starved for D) 6 hrs and E) 1 hr to analyze p62 and LC3 protein
expression, respectively. BAF (80.0 nM) was used as a positive control. Densitometry was
performed in triplicates, normalized to B-actin and shown as relative values to siCon-treated

controls (mean + SD, n=3). ## p < 0.01.

5.3.3 G3BP1 overexpression blocks autophagy

In contrast to G3BP1 knockdown, we transfected a Flag tagged G3BP1 (Flag-G3BP1)
into HEK293 cells to overexpress G3BP1 (Figure 25A, left panel), which induces the formation
of G3BP1-SGs (Figure 25A, right panel) at resting states, consistent with those of previous
report by Reineke et al. 2”°. HEK293 cells transfected with an empty vector control showed
similar p62 degradation (half-life ~4 hrs) and LC3-1 lipidation to LC3-1l (peak at 1 hr starvation)
kinetics as previously demonstrated in Figure 23A (Figure 25B). However, HEK293 cells
overexpressing G3BP1 showed significant retardation of p62 degradation with a half-life of ~6
hrs under starvation (Figure 25C). Furthermore, LC3-I lipidation to LC3-Il peaked at 1 hr
starvation and LC3-1I failed to degrade as starvation progressed. When comparing starvation at 6
hrs, p62 accumulated significantly in G3BP1 overexpressing cells as compared to the empty

vector transfected controls both before and after starvation (Figure 25D). G3BP1 overexpressing
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cells starved for 1 hr also demonstrated a significant accumulation of LC3-Il both before and
after starvation (Figure 25E). Taken together, these data are consistent with Figure 24 and
suggest that G3BP1 negatively regulate autophagic activity as observed by an attenuated

degradation of p62, LC3-11, and ubiquitinated proteins in G3BP1 overexpressing cells.
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Figure 25. G3BP1 overexpression attenuates p62 degradation and LC3-1 lipidation

A) HEK293 cells were transfected with either empty vector or Flag-G3BP1 for 48 hs and
analyzed for successful overexpression of G3BP1 (left panel) and formation of G3BP1-SGs
(right panel). HEK293 cells overexpressing B) empty vector or C) Flag-G3BP1 were starved for
up to 6 hrs in 30 minute intervals and protein lysates were collected to analyze protein expression
of p62, LC3-1 and -1, and B-actin (loading control). D) Cells treated with empty vector or Flag-
G3BP1 were starved for D) 6 hrs and E) 1 hr to analyze p62 and LC3 protein expression,
respectively. Densitometry was performed in triplicates, normalized to B-actin and shown as

relative values to empty vector controls (mean = SD, n=3) ## p < 0.01.

5.3.4 G3BP1 negatively regulates autophagosome fusion with lysosomes

To further understand the exact effects of G3BP1 on autophagic flux, we utilized a GFP-
RFP-LC3 tandem construct as previously described by Mizushima et al. . This technique
enables the visualization of autophagosomes as cytoplasmic yellow puncta, and autolysosomes
as red puncta due to quenching of GFP fluorescence in acidic environments. Therefore,
quantification of visible yellow and red puncta per cell allows us to gain insight into autophagic
flux during cellular stress. Accumulation of red puncta indicates proper autophagosome-
lysosome fusion to form autolysosomes devoid of GFP fluorescence, while accumulation of
yellow puncta indicates an inhibition of autophagic flux. Using this technique, we overexpressed
or knocked down G3BP1 and starved HEK293 cells stably expressing GFP-RFP-LC3 and
quantified yellow and red puncta by confocal microscopy. BAF treatment was used as a positive
control to demonstrate effective blockage of autophagic flux as observed by an accumulation of

yellow puncta. siG3BP1-treated cells showed a significant increase in RFP puncta as compared
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to siCon-treated cells, while levels of yellow puncta were not statistically different both before
and after starvation (Figure 26A). Pearson’s correlation coefficient (PC) of visible puncta was
decreased in siG3BP1 treated cells (PC=0.147) as compared to siCon treated cells (PC=0.234).
Treatment with BAF showed significant accumulation of yellow puncta, and was used as a
positive control to block autophagosome-lysosome fusion. These data suggests that siG3BP1
treatment promoted formation of autolysosomes and GFP quenching. In contrast, we found that
G3BP1 overexpression blocked autolysosome formation as observed by the significant
accumulation of yellow puncta, as compared to the accumulation of red puncta in empty vector
controls (Figure 26B). Also, starved G3BP1 overexpressing cells yielded an increased PC
(PC=0.442) as compared to empty vector controls (PC=0.281), suggesting that G3BP1 blocks
autolysosome formation. Altogether, these data reveal a previously undiscovered negative

regulation of G3BP1 in autophagy during cellular stress.
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Figure 26. G3BP1 negatively regulates autophagosome fusion with lysosomes

HEK?293 cells stably expressing GFP-RFP-LC3 tandem reporter was either treated with A) siCon
or siG3BP1, or B) empty vector or Flag-G3BP1 for 48 hrs and starved for 4 hrs. BAF was used
as a positive control to block autolysosome formation in A). Yellow and red puncta were
quantified by Volocity software version 5.2.1 over at least 5 images that contain 10 or more
cells. Pearson’s Correlation Coefficient (PC) was calculated similarly using Volocity software.

(mean = SD, n=5) ## p < 0.01.

53,5 G3BP1binds STAT3

To further understand the mechanisms by which G3BP1 regulates autophagy, we
performed quantitative proteomics (i.e. SILAC) to identify potential G3BP1 binding partners
before and after starvation stress. After ratio analysis of a list of identified candidate peptides,
selecting for peptides with high-confidence, and a 1% false discover rate with 2 or more unique
peptides, we identified a total of 219 proteins that interacted with G3BP1 either before or after
starvation stress. Protein ratios before and after cellular stress were represented as Z-scores; high
Z-values indicate SG localization during starvation stress, while proteins with low Z-score values
indicate proteins that disassociated from G3BP1 upon cellular stress. Among these 219 proteins,
our analysis identified STAT3 as a novel interacting partner with G3BP1 at resting states
(Figure 27A). Previously, a study by Shen et al. revealed a novel mechanism by which STAT3
represses autophagy by inhibiting PKR activity in the cytoplasm 2%°. G3BP1 has also been

180 yia the

demonstrated to interact with PKR to promote innate immune responses
phosphorylation of elF2a %!, a critical mechanism required for autophagy and SGs activation.
Thus, G3BP1 may negatively regulate autophagy via interaction with cytoplasmic STAT3 at
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resting states. To confirm the interaction between G3BP1 and STAT3, we performed a co-
immunoprecipitation assay and showed that G3BP1 co-immunoprecipitated with STAT3 at
resting states, but not under starvation stress (Figure 27B). These data suggests that cytoplasmic
STAT3 interacts with G3BP1 at resting states, and disassociates from G3BP1 upon cellular
stress.

To better characterize the biochemical interaction between G3BP1 and STAT3, we
performed docking analyses in silico using Cluspro 2.0 (http;//cluspro.bu.edu) and 3D imaging
software, PyMOL. G3BP1 NTF2-like domain was selected for this analysis since this domain is
crucial for protein-protein interactions. After screening 29 potential interacting models by which
G3BP1 NTF2-like domain may possibly bind STAT3, we propose a model by which G3BP1 and
STAT3 form strong hydrogen bonds between R17 and Q18 of G3BP1, with D334, S554 and
T556 of STAT3 (Figure 27C). Cross-species analysis of amino acid sequences yielded a 91.2%
sequence homology where D334. S554 and T556 are conserved (Figure 27D). Mutational
analysis of these critical amino acids would be important in further confirming the direct
interaction of G3BP1 with STAT3 and the downstream effects on autophagy. Taken together,
these data propose a novel regulatory mechanism where G3BP1 may negatively regulate

autophagy via direct interaction with cytoplasmic STATS3.
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A) SILAC identified STAT3 as a protein disassociated from G3BP1 upon starvation stress in
HEK?293 cells. Z-scores of heavy to light binding ratios were plotted in decreasing order; low Z-
scores indicate G3BP1 disassociation, and high Z-scores indicate increased association upon
starvation stress. B) HEK293 cells were either transfected with empty vector or Flag-G3BP1 and
starved for 4 hrs, followed by immunoprecipitation of the Flag epitope and detection of Flag and
endogenous STAT3. STAT3 band intensities were quantified by densitometry and shown below.
C) A molecular model of the STAT3 and G3BP1 interaction. A ribbon model (upper panel) and
a surface model (lower panel) are shown on the left. Inserts on the right highlight residues that
may contribute at the interaction surface. D) Cross-species homology and schematic diagram of
STAT3. Residues D334, S554 and T556 are indicated with arrowheads. Red residues indicate

amino acid variations across species. SH2; Src-homology 2 domain.

5.4 Discussion

In this chapter, we show that a key nucleating factor of SGs, G3BP1, negatively regulates
autophagy, and interacts with a cytoplasmic repressor of autophagy, STAT3. We propose a
potential mechanism by which G3BP1 interacts with cytoplasmic STAT3, and subsequently
inhibits autophagy at resting states. This study contributes to the overall understanding of well-
orchestrated cellular stress response pathways that are fundamental to various stresses and
degenerative diseases. Dysregulation of STAT3 may contribute significantly to pathological
disease progression of all types. More specifically, studies have previously demonstrated the

2

significance of the STAT3 pathway in regulating vascular diseases **?, inflammatory bowel

disease 2®3, neurodegenerative diseases %**, metastasis and progression of various cancers %, and
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viral infections %

, thus understanding the role of G3BP1 in regulating STAT3 activity may
contribute to novel therapeutics to combat disease progression.

In this study, our data demonstrated that knockdown of G3BP1 promoted autophagic flux
as observed by the increased degradation of p62 and early induction of LC3-I lipidation to LC3-
Il (Figure 24C, D and E). In contrast, G3BP1 overexpression blocks autophagic flux as
observed by the accumulation of p62 and LC3-II during starvation stress (Figure 25C, D and
E). These results were further supported by accumulation of RFP puncta in siG3BP1 knockdown
cells stably expressing the tandem construct GFP-RFP-LC3 during starvation stress (Figure
26A\). Conversely, G3BP1 overexpression resulted in the accumulation of yellow puncta further
demonstrating that G3BP1 blocks autolysosome formation (Figure 26B).

Previous studies have demonstrated G3BP1 and PKR as interacting partners to regulate
innate immunity during viral-induced stress **°, and that PKR kinase activity to phosphorylate
elF2a is suppressed via direct sequestration by STAT3 at resting states %°. In this study, our data
showed a potential regulatory role of G3BP1 on autophagy activation using SILAC to identify
STATS3 as an interacting partner (Figure 27A and B). Of interest, other proteins identified in our
SILAC included key pathological proteins involved in neurodegenerative diseases such as
Fragile X mental retardation protein 1/2, TDP-43 and RNA-binding protein fused to sarcoma
(FUS), various hnRNPs, and canonical SG factors such as elF3 and 40S ribosomal subunits.
These findings are not surprising since abnormal cytoplasmic aggregation of the above
mentioned proteins into G3BP1-SGs are well-established as pathological hallmarks of
degenerative diseases 2%°. Surprisingly, PKR was not identified as an interacting partner with

G3BP1 amongst the 219 other proteins. However, the vicinity by which G3BP1 may be
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interacting with STATS3, and thus indirectly to PKR, may be within a reasonable limit (< 40nm)
to yield a positive signal using proximity ligation assay as previously demonstrated **°.

By in silico docking analysis of G3BP1 NTF2-like domain with unphosphorylated
STAT3 monomer, we propose a model by which G3BP1 interacts with STAT3 (Figure 27C).
This model was chosen based on its high conservation of critical amino acids in secondary
structures that are involved in intermolecular hydrogen bonding. We showed that G3BP1-R17
and -Q18 participate in intermolecular hydrogen bonding with STAT3-D334, -S554 and -T556.
Site-directed mutagenesis of such key residues on either G3BP1 or STAT3 remains to be
completed to further demonstrate a cause-effect relationship between G3BP1-STAT3
interactions and autophagy activation. In order to fully determine a strong causal relationship
between G3BP1 and autophagy repression, more mechanistic studies will be required.

It is important to note that our conclusions do not sufficiently associate the regulatory
role of G3BP1-SGs on autophagy (i.e. whether the observed inhibition of autophagy is due to
G3BP1 alone, or G3BP1-SGs). To address this issue, a stable cell-line expressing G3BP1-
S149E, a mutant incapable of aggregation and SG formation, must be used. However, no reliable
cell line models have been established. Future studies will be required to attribute the observed
regulatory roles on autophagy to either G3BP1 alone, or G3BP1-SGs. In addition, these data do
not exclude the possibility of a cell-type specific effect of G3BP1 on autophagy. Also studies
involving models of STAT3 mutants may yield vital information about the integrated response
between autophagy and SGs before and after cellular stress. Taken together, future studies using
various cell lines and mutant STAT3 models will be required to confirm the significance of

G3BP1 on autophagy.
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The significance of STAT3 in autophagy regulation has been gaining interest this past
decade. Mammucari et al. ?®" has shown that STAT3 cytoplasmically represses forkhead box O1
(FOXO01) and FOXO3 at resting states via direct sequestration. Upon STAT3 phosphorylation,
FOXO1 and FOXO3 translocate to the nucleus and induce transcriptional activation of
autophagy-related genes such as ULK2, BECN1, PIK3C3, BNIP3L, ATG12, ATG4B, and
MAP1LC3A ?®". STAT3 has also been shown to partially localize to mitochondria and plays a
vital role in reducing autophagy-mediated degradation of mitochondria (termed mitophagy)
induced by oxidative stress 2%®. In addition, STAT3 is not the only cytoplasmic repressors that
rely on post-translational modifications leading to autophagy activation. In a study by Tasdemir

et al. %

, p53 has been demonstrated to inhibit autophagy presumably via a direct inhibitory
interaction with high mobility group box 1, a protein responsible for the positive regulation of
Beclin 1 ?*°, and with RB1CC1/FIP200, the human ortholog of yeast ATG17 . Therefore, the
integrated crosstalk between G3BP1 and autophagy activation may be part of a larger, more
complicated, interconnected network of stress response activators that play a crucial role in
mounting a sufficient autophagic response via post-translational modifications of cytoplasmic
inhibitory proteins and transcriptional activation of autophagy-related genes.

While the role of SGs during cellular stress is generally cytoprotective, a clear linkage
between SGs and autophagy has not yet been demonstrated as our studies do not fully associate
the inhibitory effect of G3BP1 on autophagy to be due to G3BP1 alone, or cellular SGs. In this
study, we provide evidence of a potential mechanism by which G3BP1 may negatively regulate
autophagic activity (Figure 28). At resting states, G3BP1 binds STAT3 to inhibit the activation

of autophagy (Figure 28A). Upon cellular stress, G3BP1 disassociation leads to the

phosphorylation of PKR and STAT3 (Figure 28B). Dimerized p-STAT3 undergoes nuclear
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translocation and functions as a transcriptional regulator (Figure 28C) while p-PKR
phosphorylates elF2a (Figure 28D). Phosphorylation of elF2a induces the formation of SGs
(Figure 28E) and activation of autophagy (Figure 29F). SGs inhibit autophagic flux by
preventing the fusion of autophagosomes (AP) with lysosomes (L) to form autolysosomes (AL)
in an unknown mechanism (Figure 29G). Taken together, our study proposes a potential
mechanism by which G3BP1 negatively regulates autophagy. A deeper understanding of the
integral roles of SGs, in particular G3BP1-SGs, and autophagy may contribute significantly to

disease pathologies that involve STATS3, including hepatocarcinogenesis 2*2, Crohn’s disease %,

oncogenesis ***, and various viral infections - 2.
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Figure 28. Potential model of the interplay between G3BP1, SGs and autophagic activity

A) G3BP1 binds to cytoplasmic STAT3 and inhibits autophagy and SG activation at resting
states. B) Upon cellular stress, G3BP1 disassociates from STATS3, leading to PKR and STAT3
phosphorylation. C) Dimerized p-STAT3 undergoes nuclear translocation and functions as a

transcriptional regulator, while D) p-PKR phosphorylates elF2a, leading to the formation of SGs
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E) and the activation of autophagy F). SGs inhibit autophagic flux by preventing the fusion of
autophagosomes (AP) with lysosomes (L) to form autolysosomes (AL) in an unknown

mechanism.
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Chapter 6: Conclusion

6.1 Research summary and conclusions

Chapter 3: Production of a dominant-negative fragment due to G3BP1 cleavage

contributes to the disruption of mitochondria-associated protective stress granules during CVB3

infection. My major findings in this chapter are:

1.

2.

4.

CVB3 infection induces SG formation at early time points of infection.

CVB3 infection disassembles G3BP1-SGs at late time points of infection by cleaving
G3BP1 at Q325 via 3CP".

The cleavage of G3BP1 generates a C-terminal fragment that further inhibits G3BP1-
SG formation during viral infection.

G3BP1-SGs play an anti-viral cytoprotective role during CVB3 infection.

Chapter 4: Cytoplasmic translocation, aggregation and cleavage of TDP-43 by

enteroviral proteases modulate viral pathogenesis. My major findings in this chapter are:

1.

4.

5.

CVB3 infection induces TDP-43 cleavage in mice and in vitro at amino acid Q327 by
3CP,

2AP” induces cytoplasmic translocation and aggregation of TDP-43.

Full length and N-terminal TDP-43 translocates from the nucleus to the cytoplasmic
G3BP1-SGs during CVB3 infection.

TDP-43-N compromises the function of native TDP-43 in CFTR exon 9 skipping.

TDP-43 knockdown promotes CVB3 replication.

Chapter 5: G3BP1-SGs negatively regulate autophagy potentially via direct recruitment

of STAT3.
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1. G3BP1 negatively regulates p62 and LC3-11 degradation.

2. G3BP1 inhibits autolysosome formation.

3. G3BP1 binds cytoplasmic STATS3.

Taken together, my research demonstrated that CVVB3 infection results in the formation
via the activity of 2AP™ and late disruption of G3BP1-SGs through 3C"™ and G3BP1 possess an
anti-viral function against CVB3 infection. My study also showed that CVB3 infection promotes
TDP-43 translocation, aggregation and cleavage to benefit viral replication and contribute to
virus-induced pathogenesis. Finally, | provide evidence of a potential mechanism by which

G3BP1 negatively regulates autophagic activity.

6.2 Research significance

Virus-induced cardiomyopathy has been largely underestimated due to the protean nature
of the disease 2*. To date, there is no cure for viral myocarditis and the chronic form, DCM. The
research findings shown in this dissertation contribute to our understanding of how CVB3
interacts with the cellular stress response machinery and RNA binding proteins to promote viral
infection and induce viral pathogenesis. Our results may aid in the discovery of potential
therapeutic targets for the treatment of viral myocarditis/DCM.

Given that SGs are vital to mounting a sufficient innate immune response against viral
infection, new techniques to bolster SG formation and function may be useful to limit viral
replication. Furthermore, pharmacological inhibitors of 3CP™ activity could potentially block
3CP"-mediated cleavage of G3BP1, leading to the rescue of anti-viral SGs and subsequent

attenuation of CVB3 pathogenesis. Therefore, identification of novel therapeutics to promote SG
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function and block 3CP™ activity may result in persistent SG formation and function until viral
clearance is complete.

TDP-43 translocation to cytoplasmic SGs upon CVB3 infection may possess detrimental
consequences. Thus, blocking TDP-43 translocation to cytoplasmic SGs may be a promising
therapeutic strategy in the management of viral myocarditis and TDP-43 proteinopathies. In
addition, pharmacological inhibitors of 2AP™ activity may be developed to prevent destruction of
the nuclear pore complex and cytoplasmic translocation of not only TDP-43, but also many other
nuclear proteins involved in transcription regulation and mRNA processing that have been
shown to be regulated during enteroviral infection to benefit viral replication and pathogenesis.
Such proteins include hnRNP M and AUF1 °% % Furthermore, pharmacological inhibitors of
3CP™ may prevent CVB3-induced TDP-43 cleavage and the formation of a TDP-43 dominant-
negative cleavage fragment that may contribute to the altered transcriptional dynamics during
viral cardiomyopathy.

Given that CVBS3 infection utilizes autophagic vesicles as replication sites %%

, the newly
discovered interaction of G3BP1 with STAT3 to negatively regulate autophagy suggests that
targeting G3BP1 to strategically manipulate the accumulation of autophagosomes may be an
approach to limit viral replication. Together, our findings contribute to the understanding of
integrated cellular stress responses, and may aid in the development of novel therapeutics to

regulate SGs and autophagy levels to minimize cardiomyocyte damage and disease progression

during viral cardiomyopathy.
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6.3 Limitations and future directions

Due to the focal nature of CVB3 infection in the myocardium, G3BP1 cleavage was
undetectable in mouse hearts. This is in stark contrast to both primary and secondary
cardiomyocyte cultures where near 100% infection can be achieved in a synchronized manner. A
method of addressing this issue is to use recombinant GFP- tagged CVB3, thus allowing for
direct isolation of CVVB3-infected cells by fluorescent-activated cell sorting techniques, followed
by western blot detection of target cleavage proteins. Moreover, the formation of SGs has not
been investigated in vivo using conventional microscopy techniques. However, proteolytic
cleavage of TDP-43 has been demonstrated in primary mouse neonatal cardiomyocytes and in
the myocardium of CVB3-infected A/J mice.

Another limitation in these studies involves the indirect determination of viral protease
cleavage sites on G3BP1 and TDP-43. While site-directed mutagenesis is widely accepted in the
literature as a method of identifying potential cleavage sites, the possibility of significant
conformational changes that sterically hinder proteolytic sites on the candidate protein cannot be
excluded. A method to address this issue is to perform traditional Edman degradation sequencing
where the C-terminal cleavage band of interest is isolated and digested from either a coomassie-
stained SDS-PAGE gel or nitrocellulose membrane and sequenced from the free amino-termini.
However the limitation of this method is that it requires sufficient isolation (> 3 picomole) of
cleavage peptides to obtain discernible results. Of note, while attempting to isolate the 8 kDa C-
terminal cleavage band of TDP-43 during CVB3 infection, all attempts of using Edman
degradation failed to identify a discernible amino-acid primary sequence due to insufficient
amounts of protein. In addition, our results demonstrated that the C-terminal cleavage fragment

of TDP-43 was rapidly degraded by the ubiquitin-proteasome pathway. Edman degradation is
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also restricted to free amino-terminus that is not post-translationally modified. The amino-
terminal of TDP-43 C-terminal cleavage product has not been previously demonstrated to be
post-translationally modified; however this possibility cannot be excluded. TAILS is a possible
method of directly identifying target proteins and their respective cleavage sites even in the midst
of post-translational modifications.

My studies are also limited by the lack of in vivo models to further confirm the role of
TDP-43 and SGs in viral cardiomyopathy. Studies that may address this limitation include the
use of a knock-in mouse strain that expresses cardiac-specific, non-cleavable G3BP1 (i.e.
G3BP1-Q325E) in an A/J mouse line background. Upon CVBS3 infection, we expect that
G3BP1-Q325E would rescue the formation of SGs, and consequently rescue cytoprotective and
anti-viral activities of SGs, leading to ameliorated heart function and anti-viral responses. In
addition, simple immunohistochemical studies may be used to detect the formation of G3BP1-
SGs in CVB3-infected mouse myocardium. In contrast, in order to understand the role of
cytoplasmic translocation and cleavage of TDP-43 in in vivo models, the use of a noncleavable
TDP-43 knock-in mouse model may not be sufficient as it may also translocate to the cytoplasm
due to 2AP° induced disruption of nuclear pore complexes. Therefore, a mouse strain that
possesses a TDP-43 knockout mutation may be useful in addressing the role of TDP-43 in viral
cardiomyopathy. Previous studies have attempted to generate full-body knockout of TDP-43 and
have reported embryonic lethality 2°. Interestingly, there was a report showing that partial loss
of TDP-43 by transgenic RNA. resulted in premature death, likely due to dilated cardiomyopathy
27 A mouse model with conditional cardiac-specific knockout of TDP-43 has not yet been

established and would be of great interest to the study of TDP-43 in viral cardiomyopathy.
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Due to the heterogeneous nature of SGs, it is important to note that our studies are limited
to the most well-established G3BP1-SGs. Other future directions are to further confirm the
composition of G3BP1-SGs reported by Jain et al. #’. In addition, while my studies propose a
novel mechanism by which G3BP1 cytoplasmically represses STAT3 in the cytoplasm, these
studies have not been repeated during CVB3 infection and would yield interesting avenues of
future research.

Altogether, these studies contribute significantly to the understanding of the role of SGs
and TDP-43 in CVB3 infection and propose promising new avenues of future research to better

understand the orchestrated integration of cellular stress responses of viral cardiomyopathy.
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