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ABSTRACT

Coronaviruses (CoVsyre a family of viruses that circulate in human populations
causing mild common colds as well as severe andrigplratorydiseaseStress
granules (SGs) are cytoplasmic condensates that often form as part of the cellular
antiviral response. Despite gvimg interest in SGs and other biological condensates, the
role of SG formation durin@oV infection ispoorly understoodin this work,l analyzed
SG formation during infection of the human common i/ OC43 Little SG
formationwas observed in infedeellsand OC43nhibited SG formation induced by
exogenous stress (e.g. sodium arsemgdvestrol treatment) Furthermore, OC43
inhi bited phosphoryl ati on ofthehallmarkof ot i ¢ i n
translation inhibitionnduced by integrated stress respofiS&). I nhibition of
phosphorylation by OC43 was unaffected by treatmaitht the integrated stress response
inhibitor (ISRIB)or knockdowrnof GADD34, suggesting that O0OC43 ¢
phosphorylation indeperdtly from activation of the ISR or upregulation of GADD34
Further, GADD34 knockdown decreased OCeplication Upon ectopic
overexpression, the nucleocapsid (N) and-sioactural protein 1 (Nspl) from both
0OC43 andhe severe acute respiratory syndramamnavirus 2$%ARSCoV-2) inhibited
SG formation. Furthermore, SARS0V2 Nspl expression resulted in depletdn
G3BP1 proteiri the master regulator of SG formatidrhis phenotype was dependent on
Nsplmediated depletion of cytoplasmic mMRNAS, whichsvaéso associated with nuclear
retention of TIAR, another S@ucleating protein. To test the role of G3BP LV
replication, we infected cells overexpressing EG&gyed G3BP1 with OC43 and
observed a significant decrease in infection compared to pboemiantrol cells
expressing EGFP. The antiviral role of G3BP1 and the existence of multiple SG
suppression mechanisms that are conserved between the common cold OC43 and the
pandemic SARSC0V2 suggests that SG formation may represent an important antivir
host defense th&toVstarget to ensure efficient replication.
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CHAPTER 1: INTRODUCTION

1.1 Coronaviruses

CoronavirusegCoVs)are a family of enveloped singranded positivsense
RNA viruses( VO k o v s k i . There aselsevetioVaKn@vh tfocirculate in human
populations, presenting asmmon colds to more severe, awhetimedatal, respiratory
diseasd VO k ov s ki .Gmmoa tolchumaBcOr@navjruses (HCoVshclude
HCoV-0OC43(0C43)andHCoV-229E, which have beeeported tacirculae in human
populationdor decades, as well asorerecently identifiedHCoV-NL63 andHCoV-
HKU1( VO k o v s ki .Mote pathogeni€o¥sbha&d entered human populations
due to spillover from zoonotic sourcdsis group includesevere acute respiratory
syndromecoronaviruSARS CoV) whichemerged in 2003s well as Ntdle Eastern
respiratory syndromeoronavirugfMERS-CoV) whichemerged in 201 (Hartenian et al.,
2020) The most recent patlgenic CoV iISSARSCoV2 (CoV2); this virusemerged in
2019 from Wuhan, China andtise cause of the devastating pandemicavbnavirus
disease 201900VID-19). To date, there are ovB50 million cases of COVIBL9
worldwide, accounting foB.3 million deaths globallyJuy 5, 2022)(COVID-19 Map
2022)

1.2 Coronavirus genomeand host detection

Within theCoronaviridaefamily lies the subfamilyCoronavirinaewhich houses
four generaAlphacoronavirusBetacoronavirusGammacoronavirusand
Deltacoronavirud V6 k o v s k i . Tde three Irecently enter@ged severe CoVs as
well as OC43 antiCoV-HKU1 belong to théBetacoronaviruggenergHartenian et al.,
2020) Betacoronavirusebave a 3kilobaseRNA genome with a large open reading
frame (ORF), ORFlafHartenian et al., 2020DRFlakencodes a polyproteinhich is
proteolytically processed by viral enzymes Nsp3 pajieproteinase (PLpro) and
Nsp5 3Clike proteinase (3CLpraHartenian et al., 2020; Ziebuhr et al., 2Q0dyal
processing of the polyprotein releases the remainingstractural proteingNsps)which
function in viral replicatiorand transcription as wedlsevasion of hosantiviral
response¢ Hart eni an et al 2021) AsSely, of the &ikaldRNA Kk i et
dependent RNA polymerase then generates subgenomic mRNAs which aocessory

1



ORFs andhe structural protein@rian & Baric, 2005; Hartenian et al., 202These

accessory ORsFhave been shown to vary greatly between CoV groups and some

accessory proteins have been reported to Iimtetferon (FN) response§ Vo k ovs ki et
2021) The structural proteins include membrane (M) and envelope (E) which are
responsible for viral particle formation, nucleocapsid (N) which is an RMa4ing

protein that coats the viral genome, and spike (S)shateceptor glycoprotein that binds

the host cell receptor to mediate viraler{tryHar t eni an et al ., .2020;
OC43 S binds sialic acid that is abundant on the surface of most cel(kypeds &

Herrler, 1993)while SARSCoV and CoV2 S bind angiotensin converting enzyme 2
(ACEZ2) on the surface of the host c@floffmann et al., 2020; W. Li et al., 2003)

After entry into the host celCoVsuncoat and deliver their genome to the
cytoplasm. Like many RNA viruse€oVsmust utilize host translation machinery to
facilitate viral protein productiorl.o shift translation to viral mMRNAs instead of host
MRNASs, CoVs utilize host shutoff protelMspl(Narayanan et al., 2019)isplis able to
inhibit host translatiody outcompeting host mMRNAs for the 40S ribosporgogenic
electron microscopy analysis NEpl in comfex with the 40S ribosome revealed that
Nsplbinds themRNA entry channeblocking host mMRNAd$rom entering the ribosome
andpreventing translation initiatioh Bor i gek et al ., 2 ON3dl; Nar ay
of some CoVs, like SARS and CoV2, are also able to induce mRNA degradation,
depleting the level of host MRNAS that could compete for the ribogdarayanan et al.,
2015; Schubert et al., 2020nportantly, Nspl does not block translation of viral
MR NAs . uhthaeslateédoregion (UTR) of CoV mRNA contains secondary structures
including stem loops (SL). The first SL, SL1 specifically, has been shown to confer
protection tanRNAs from Nspl induced degtation and translation blogBanerjee et
al., 2020; Vora et al., 2022)

Upon successful translation of viral mMRNAs, Nsps involvedral replication
and transcription are express&tlltiple Nsps will remodel the endoplasmic reticulum
(ER), creating convoluted membranes and double membrane vésiatésniaret al.,
2020) CoV replication occurs in these highly modified membranesepictation of the
viral genome can generaleublestranded RNAdsRNA) intermediategHartenian et



al., 2020) Leakage of th@edsRNA products into the cytoplasm can tlaetivate
cytoplasmic immune sensors, including retinoic acilicible gene | (RIG), melanoma
differentiationassociated gene(MDA5), anddsRNA-activated protein kinad®KR)
(Rehwinkel & Gack, 2020RIG-1 i s a c t -triphesphaté grdups of Sidgle
stranded RNA (ssRNA) while MDA5 and PKR are aated by dsSRNARehwinkel &
Gack, 2020) These cytosolic sensors activate a downstream signalling cascade resulting
in the activéion of transcription factorsiterferonregulatoryfactor3 (IRF3), IRF7, and
nuclear factor kappa light chain enhancer of activated B (@¢HsoB), promoting
induction of type | and type Il IFNE&Rehwinkel & Gack, 2020)urther, detection of
dsRNA by PKR also activates the integrated stress response (ISR) which halts host
translation and results in the formationstriess granuleg$SG9. The ISR and SG
formation are illustrated in Figure 1.1.
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Figure 1.1. Model of the integrated stress response and stress granule formation.
Translation: Dung initiation of host translationthe 43S smaltibosomal subunit

complex is recruited to mMRNA. This complex includeselF2 GTP Met-tRNAMe

ternary complexand upon recognition of the initiation cod@i-2-GTP is hydrolysed to
elF2-GDP andis releasedThe guanine exchange factor activityedF2B promotes the
convesion of elF2GDP for elF2GTP, which can be used for the translation of

additional mMRNAsRecycling of the ternary complex is inhibited when &IE2
phosphorylategbecause phosphorylated elRfinds tightly with elF2B preventing the
exchange of elR&DPfor elF2GTP. Phosphorylation of elR2 The translation factor
elF2Ucan be phosphorylated in response to various types of stress by four different
kinaseshaemeregulated inhibitor (HRI), general control rderepressibl@rotein 2
(GCN2), doublestranded RNA (dsRNA&ctivated protein kinase (PKR) and PHike
endoplasmic reticulum (ER) kinase (PERRdllowing phosphorylation of elR2 elF2 is
unable to exchange GDP for G/THlting host translation and resulting in polyse
disassemblyTranslation inhibitionTranslation inhibition can occur through
phosphorylation of elR2or interference with the elF4F complex. The elF4F complex is
composed of the RNA helicase elF4A, dapding protein elF4E, and scaffold protein
elF4G which bridgepoly(A)-binding protein PABP) to elF4E and elF4A. Silvestrol
treatment interferes witlF4A function, leaving elF4A attached to the mRNA and
preventing mMRNA scannin@his mechanism also halts host translation and results in the
release bpolysomesStress granule nucleatioklany translation factors are then bound

by SGnucleating proteins likRasGTPaseactivating protein SH3 domaininding

protein 1(G3BPJ) andT-cell intracellular antigen-telated proteinTIAR), which
promotes the aggregation of additional RNBinding proteins. TlHSG nucleatiorseeds

the formation ofarger dynamicSGs Stress granules: Stress granule nucleation promotes
the formation of SGsomposed of variouBNA moleculestranslation factorsand

immune signalling proteing he integrated stress resporisee phosphorylation of elE2

is also an important step in ti8R. The decrease in actieF2 GTP Met-tRNAM®

ternary complexes increases UORF skipping which promotes expression of transcription
factoractivating transcription factor @ATF4). ATF4 translocates to the nucleus to

promotetranscription of target genes, includiggwth arrest and DNA damage



inducible protein 34GADD34). GADD34mRNA is released to the cytoplasm, where
because of the increase in UORF skipping, there is an increase in translation of the
downstream GADD34 ORF and GADD34 protein production. GADD34 can complex
with protein phosphatase 1 (PP1) to dephosphorylatéJeTF2 dephosphorylation of
elF20allows elF2GDP to be exchanged for eHE&ZTP and translation resumeésdapted
from (McCormick& Khaperskyy, 2017)

1.3 Stress granuleformation and e | F gha$phorylation

SGs are aggregates of messenger ribonucleoproteins (MRNPs)aRiNA,
translation factorsamong other protein®. Kedersha et al., 2002; N. L. Kedersha et al.,
1999) SGs primarily form through the phosphorylation of translation initiation factor
e | F(R.Bedersha et al., 2002; Tourriére et al., 200Bich is the integration point of
thelSR (Jowsse et al., 2003Yher e ar e f our ki nasesthatanei c h
activated by their respective activat@s Kedersha et al., 2002, 2018sRNA-activatel
protein kinase (PKR) is activated by dsR®arcia et al., 2007aPKR-like
endoplasmic reticulum kinase (PERK) is activated by ER sfHzsling et al., 1999;
Harding, Zhang, et al., 200@emeregulated inhibitor (HRIkinaseis activated by
oxidative stress and heat shdtlan et al. 2001) and general control nonderepressible 2
(GCNZ2) kinase is activated by UV light and amino acid starvgBozhang et al., 2002)
Foll owing kinase acti vat i oationinigatoRi8@ U i s
inhibited (Jackson et al., 2010; McCormick & Khaperskyy, 20D0ring translation
initiation, theelF2' GTP Met-tRNAM®Y ternary complex is formed, which is a part of the
43S preinitiation complex(Jackson et al., 2010Recycling of the ternary complex
requires the exchange of GDP for GTP on €lzkson et al., 201,08IF2Bis aguanine

exchange factaresponsible for this exchan@#ackson et al., 201L.0fowever, when

pho

phos

el F2U is phosphoryl at ed, ingtherécyclingaGDPforght | y

GTPandstalling translatiorfJackson et al., 2010y his halt on host translation creates an
accumulation of untranslated mRNPs which are key compeoeB8Gs and involved in
the initial nucleation of SGEN. Kedersha et al., 2002; McCormick & Khaperskyy,

2017) This nucleation is mediatgutimarily by RasGTPaseactivating protein SH3
domainbinding protein YG3BPJ), G3BP2,T-cell intracellularantigen 1 (TIA1), and



TIA-1-related proteinTIAR), with participation of other facto®N. Kedersha et al.,
2013; Protter & Parker, 20).6

1.4 Stress granule nucleatin

G3BP1lisrecruited to SGs and prometecruitment of other proteins and RNAs
(N. Kedersha et al., 2013; Tourriére et al., 2008addition, G3BP1 camediateSG
formation; overexpression of G3BP1 has been reported to induce SG formation in the
absence of exogenous stresgdiaurriere et al., 2003)G3BP2,an isoformof G3BP1,
has also been shown to promote SG formgfatsuki et al., 2013)Both G3BP1 and
G3BP2 contain Nerminalnuclear transport factor @' TF2) domains which can interact
with other proteins toegulate SG formatioripr examplepindingto cell cycle
associated protein Téprinl) promotesSG formation whilebindingto ubiquitin specific
peptidase 1QUSP1Q suppresseSG formation(N. Kedersha et al., 2016a; Matsuki et al.,
2013) In addition,G3BP1 and G3BP2ontain Gterminalarginineglycine-glycine
(RGG) domains, important fanteraction with the 40Sribosomal subunjtwhich is
crucial for SG formatiofN. Kedersha et al., 2016dh addition to G3BP1 and G3BP2,
there arethernucleators of SGSIAR and TIA-1, two closely related proteins, were
two of the first RNAbinding proteins identified tmitiate formation of andbcalize to
SGs(N. L. Kedersha et al., 1999)hese proteins were first reported to cause DNA
damage in thymocysebut have since been shown to act as major regulators of SGs,
containing multipleRNA recognition motifs RRMs) which promote the recruitment of
RNA and praeinsto SGs(N. L. Kedersha et al., 1999)

After the initial nucleation 08Gs, SGs begin to grow because of many pretein
protein and prot@rRNA interactiongJain et al., 2016; Protter & Parker, 201B)ese
interactions are largely mediated through intrinsically disordaneldow complexity
(ID/LC) domaingProtter & Parker, 20165G nucleating proteins like G3BRnd TIA
1 contain ID/LC domains which contribute to thaturation of SG§Gilks et al., 2004;

P. Yang et al., 2020Dnce the level of accumulated RNA and proteins reaches a critical
threshold, they phase separate to f@@s(Jain et al., 2016PPhase separation is an

eventwhen a group ofolecules, like RNA and proteins, forms a network of multiple



weak multivalent interactions to a point where these molecules concentrate into a
separate phag@rotter & Parker, 2016)

Following phase separatioBGsare thought t@xist as a stable coseirrounded
by afluid outer shel(Jain et al.2016) Exchange of proteins into the outer shell as well
as between the outer shell and the inner core illustrates the dynamic naturg(ddis @t
al., 2016) This dynamic nature of SGs algpeatlyinfluences SG composition. While
multiple core SG proteins have bedertified, thecomposition of SGs is varied and
accounts for many different proteimsolved in many cellular pathwayh fact, the
composition of SGsvas found taependuponthe stressor that inducéd formation
(Aulas et al., 2017)Thus, thee foci act as a cytoplasnfiab in which proteins and RNA

molecules can enter, exit, and interact with one another.
1.5SG function

Given the highly dynamic nature and varied composition of 8@grecise
function of SGdhas beenlifficult to determine and remains unknov@ur current
understanding is that SGs function as areas of mMRNA triage during cellulay\stress
SGs help determine the fate of certain mRNRwotter & Parker, 20165 G-localized
MRNAs may be stored and protected in SGs until the cellular srabsent and these
MRNASs can be released to the cytoplasm and translated. In addigea,mMRNAs may
be directed from SGs tolbodies, anther bological condensate independent from SGs,
wheremRNA decay machinery in-Bodies can promote degradatiomaRNAs (Protter
& Parker, 2016)SG fomation has also been tied to cell survival; cells that do not form
SGs are more sensitive to stress, suggesting that SG formation is cytopréh&ctive
Kedersha et al., 2013FonverselyprolongedSG formationcan have negative impacts as
well. Mutations in SG RNAbinding proteins, like TIAL or TAR DNA-binding protein
43 (TDR43), and prsistent aggregate formation in neurons is thought to contribute to
neuronal cell death in neurodegenerative and muscular degenerative digeases
amyotrophic lateral sclerosis (ALS) or frontotemporal dementia (RPRtter & Parker,
2016) Thus,a possible model for SG function suggehbe SGs balance the fate of
MRNAs; SGs can protect mRNAs during cellular stress but during long periods of stress

where the cell is unlikely to recover, S@®mote cell death.



1.6 SG dissolution

As a cytoplasmic hub for proteins and RNA, SGsstare these molecules
during cellular stress. However, it is important for SGs to dissolve following the removal
of stressso MRNAs can resume translation andI8€lized proteins can return to their
SGindependent functiond he primary method of SG dwsition is through the
autophagy pathwaygometimes termed granulophg@uchan et al., 2013Mutations in
autophagy proteins valosgontaining protein (VCP) or autophagy related protein 7
(ATG7) have been shown to result in sustained SG formation despite the removal of the
exogenous stressor, suggesting that intact autophaghkinery is crucial for SG
clearancgBuchan et al., 2013Regulationof SG clearance by autophagy was also
linked to thedual specificity tyrosinephosphorylatiorregulateckinase 3DYRK3) and
heat shock protein 90 @90) (Mediani et al., 2021; Wippich et al., 201B)sp90 can
bind and sbilize DYRK3, and active DYRK3 can phosphorylate and inactipaikne-
rich AKT substrate of 40 kDEPRAS4(Q (Mediani et al., 20231)PRAS40 is an inhibitor
of mammalian target of rapamycin complegdiTORC1)and inactivation of PRAS40
restores mTORC1 signallin@Vippich et al., 2013)The mTORC1 complex iamajor
regulatorof cellular metabolisnand it promotes the translation of mMRNAs encoding
proteins involved in many different cellular processes. Activation of mTORC1, through
DYRKS3-mediated inactivation of mTORC1 inhibitor PRAS#@omotes SG disassembly
and resumes translati¢klediani et al., 2021\Wippich et al., 2013)

l7Dephosphoryl ation of el F2U

Following sustainep ho s phor y | at itranslatiom rrestherei@ U an d
induction of downstream gengs/olvedin the ISR.The lack of active ternary complexes
increases leaky scanning,upstream open reading frameéJRF bypasshy the 8S
preinitiationcomplexwhich in turn promotes translation of downstream OREskson
et al., 2010)One of these downstream ORFs encodes activaingdription factor 4
(ATF4) (Jackson et al., 2010this transcriptiondctor can promote expression of
additional downstream ORFs, suchGi&EBP homologous prote{{CHOP) andgrowth
arrest and DNA damagaducibleprotein 34 GADD34) (Harding, Novoa, et al., 2000;
Jackson et al., 2010kxpression of GADD34a.k.a.protein phosphatase 1 regulatory



subunit 13, PPP1R15Ahas been | inked to dephosphoryl e
shown that GADD34 binds both ,ldggthessnd pr o
two proteins and facilitating the dephosphorylatioe df F(2Hdy et al., 2015Rojas et

al., 2015) Shortly afteranot her protein capable of decr e
phosphorylation was identifigdousse et al., 2003)Jhe PPbinding domain of

GADD34 washighly conserved in the-@&rminus of this protein and it was named
costitutive repressor o f{Joussk &al.l20q8kReB phor yl at
(a.k.a.protein phosphatase 1 regulatory subunit,1IBBP1R15Bjs consistently

expressed within the cell to maintdiasallevels ofdep ho s phor y (Jeusseet el F2 U
al., 2003; Kastan et al., 2020)

18Stress granule formation independent of e

Independently fronthe phosphorylation@& | F2U, SGs can al so f o
translation is inhibited through interference with §ie4F complg. The elF4AF complex
compriseselFEwh i ¢ h b i n d scapel€A whichnsan RNA helicase
responsible for unwinding secondary RNA structuogsromotescanning of thenRNA,
andelF4G which connects el elF4A, andpoly(A)-binding protein PABP) bound to
the polyadenylated tail of the mRNAJackson et al., 2010%ilvestrol(Sil.) is a
rocaglate derived from th&glaia plant, previously shown to interfere with the function
of elF4A(Chu et al., 2016)Treatment with $iresultsin translation inhibition, without
the phosphorylation of el|(Fahéetal.a2061d) subseque

1.9 Stress granules and the antiviral response

Regardless diow SGs formtheyhave beershown to recruitintiviral signalling
moleculesandit is speculated th&8Gscanact as a platform to facilitate the activation of
antiviral responsednnate immune sensors liRdG-1, MDA5, PKR, tripartite motif
containing 25TRIM25), RNase L, an@-BjNj ol i goaden (OAZ haeealls y nt het
been shown to localize to S@sangereis et al., 2013; Manivannan et al., 2020; Onomoto
et al., 2012; SancheZparicio et al., 2017)in addition, SGnucleating proteinkave
been linked tantiviral signalling responses. G3BP1 can regnattive PKR to SGs,
where PKR is subsequently activated and released into the cytosol to induce IFN

production(Reineke et al., 2015; Reineke & Lloyd, 201/%)addition, overexpression of
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G3BP1 and increasing formation of SGs has been correlated with increasing activation of
NF-aB (Reineke & Lloyd, 2015)Further, G3BP1 has been shown to interact with-RIG

and antagonize its degradation as well as preRtE-1-mediated IINb production(Kim

et al., 2019; W. Yang et al., 201®&dditionally, DEAD-box helicase 3DDX3), acore
SGprotein,hasbeen shown to limiinfluenza A virug(IAV ) infection Knock down of

this protein prevented SG formationvirus-infected cellsand increased viral titers

(Thulasi Raman et al., 201&)ut inDDX3-expressing cells, SG induction aldND
productionwere both increasead response to IA\Ihfection (Kesavardhana et al., 2021)

The ida that SGs are antiviral is further supported by the fact that many viruses
have evoled to suppress SG formatiofiruses including Chikungunya virus, Zika
virus, Japanese encephalitis virus, and Semliki Forest Wiawg, been reported to
sequester SGrpteins, like G3BP1 and Caprinl, to replication complexes, thereby
limiting SG formation and promoting viral replicati¢ieros et al., 2012; Hou et al.,
2017Db; Katoh et al., 2013; Panas et al., 2032yjuestration of SG proteins is often
mediated by viral proteins, but binding of SG proteins to viral Rhiée the viral RNA
of Tick-borne encephalitis virus, West Nile virus, or Dengue vinas,also been reported
to relocalize SG proteins and limit SG formatifalbornoz et al., 2014; Emara &
Brinton, 2007)In addition some viruses will clee SG proteins to inhibit S&FVisser et
al., 2019; White et al., 200;fpr example, he 3C protease @olio virus cleaves G3BP1
and elF4Glimiting SG formationWhite et al., 2007)Viruses havealso been reported to
antagonize SG formaticand maintain translationhr ough i nt er f er ence
kinases. Both theNS1 proteinof IAV and thevirion host shutoffyhs) protein ofherpes
simplex virus HSV) will inactivate PKR | i mi t i n g rylatibrFAreréspopsk s p h o
viral infection, and preventing SG formati@@auber et al., 2016; Khaperskyy et al.,
2014) Virusesalso encode multiple strategies to prevent SG formgdilan AV
(Khaperskyy et al., 2012, 2014)SV (Dauber et al., 2016; Y. Li et al., 2014)yd Zika
virus (Hou et al., 2017dp name a fewGiventhe limited coding capacity of viral
genomes and the redundant functions of these viral protesigygests thdimited SG

formation is crucial foefficientviral replication.
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1.10 Coronaviruses and stress granules

For CoVs the relationship betweert=dormation andviral infection remains
unclear.SomeCoVsinhibit SG formationbothMERS andGammacoronavirus
infectious bronchitis virudBvV)at t enuat e PKR activation to
andSG formation(Brownsword et al., 2020; Gao et al., 2021; Nakagawh, (. 8;
Rabouw et al., 2016YVhile otherCoVsinduce SG formationSGs form during
transmissible gastroenteritis viruBgEV) infection and are thought to play a role in

posttranscriptional regulation dhe viralgenomgSola et al., 2011)

With the resurgence @oV research due to the COVADO pandemic, novebles
of CoVsproteins have begmroposedn relation to SG formatioriThe N protein of CoV2
has been proposed to interfere with SG formaiieescarina & Ross, 202@ndthis idea
has been strengthened by recent publications showing CoV2 biS@&s pooteinss3BPL
and G3BP2 in multiple proteomics stud{&@ordon et al., 2020; J. Li et al., 2021; Nabeel
Shah et al., 2022} or the virus, N is important for coating and protecting the viral
MRNA. Because of this intrinsic function of N, it is built to seligomerize and to bind
MRNA, and it has been shown to phase separate in the presence ¢ERMNAtano et
al., 2020; J. Wang et al., 202These are all similar characteristics as common SG
proteins. Thus, it is possible that N can sequester key SG proteins away frandsGs

interfere withSG formation.

Furthermore, previous publicatis have investigated the role of Nsp15 in limiting
SG formation(Gao et al., 2021Nsp15 is a conserved endoribonuclethse targets
polyuridine stretches and is thought to promote viraliewasf host immune detection
(Hartenian et al., 2020Previously, Nsp15 has also bed&own to limit SG formation
during IBV infection(Gao et al., 2021)nfection with recombinant IBV that encodes a
catalytically inactive Nsp15 increased the level of SG formation initB¥cted cells and
reaulted in a loss of the SG inhibitory function of IBVhis coincided with increased
PKR activation, IRF3 signalling, and IFBl mRNA, suggesting that
limit SG formation and antiviral immune signalling by limiting detection of viral mMRNA
by PKR (Gao et al., 2021 )WVhile this function of Nsp15 has proven to be important for
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IBV infection, whether Nsp15 has similar functions for additional members of the CoV

family has yet to be elucidated.

Additionally, CoVs encode host shutoff factdsplwhich hasalsobeenshown
to limit IFN induction(Kumar et al., 2021; Narayanan et al., 2008p1 interferes with
IFN induction by blocking host translation and inducing the degradation of cellular
MmRNAs (Narayanan et al., 2015; Schubert et al., 20@0addition to binding the 40S
ribosometo block host translatigiNspl has also been shown to bind other host proteins,
including translation initiation facts as well asSG proteis G3BP1 G3BP2, and elF4G
(Gerassimovich et al., 2021 fact, one publication found that ectopic overexpression of
SARS Nsp1 resulted in localization of Nspl toiAduced SGs where Nspl disrupted
SG maturation and altered SG compositiGerassimovich et al., 202WWhether this
function of Nsp1l is conserved in other CoVs &gy Nspl carinterfere withSG

formation is still unclear.
1.11 Rationale and objectives

Given the questionable role of SGs during CoV infectind the growing
literature suggesting that CoV gene products can interfere with SG forpmagguroject
has been focusing dhe modulation of SG responses 6pVs. UsingBetacoronavirus
0OC43 as amifection modehlongwith overexpressionf viral proteins from both OC43
and CoV2 | aim to clarify the relationship between SG formation and CoV infection.
Initial results for this project revealed that OC43 infection inkiB formation and
elF2UphosphorylationFurther, overexpression of viral protei@C43Nspl and CoV2
Nspl limited SG formationTherefore, g objectives for this project includ&) To
identify the mechanismof OC48e di at ed i nhi bi t iaomand? el F2U
To characterize the functional differences of coronavirus Nspl proteins in modulating

stress granule formation
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CHAPTER 2: MATERIAL AND METHODS
2.1Cells

Humanembryonickidney (HEK) 293Aand 293Tcells, human colon
adenocarcinoma (HGB) cells and green monkey kidney (Vero) cellsre cultured in
Dulbecco's modified Eagle's medium (DMEM) supplemented withiheativated 10%
fetal bovine serum (FBS), and 2 mMdlutamine (all purchased from Thermo Fsh
Scientific (Thermo), Waltham, MA, USA). BEA3B cells were cultured in Bronchial
Epithelial Cell Growth Medium (BEGM, Lonza, Kingston, ON, Canada) on plates
prepared with coating media (0.01 mg/mL fibronectin, 0.03 mg/mL bovine collagen type
[, and 0.0Img/mL bovine serum albumiBSA) (all from Millipore Sigma, Oakville,
ON, Canada) dissolved in Basal Epithelial Cell Growth Medium (BEBM, Lonzhy¥.
293A, 293T, Veroand BEAS2B cells were purchased from American Type Culture
Collection (ATCC, Manassa¥A, USA), and theHCT-8 cells were purchased from
Millipore Sigma.

2.2Viruses

0OC43 was purchased from ATCC. To generate initial virus stocks, Vero cells
(ATCC) were infected anultiplicity of infection(MOI) <0.1 for 1 h in serunfree
DMEM at 37°C folbwing replacement of the inoculum with DMEM supplemented with
1% FBS+ 0.5% BSAand continued incubation at 38. Oncecytopathic effect$CPE)
reached 75% at-8 dayspost-infection, the viral supernatant was harvested, centrifuged
at 2,500 x g for Bnin, and then the cleared viral supernatant was aliquoted and stered at
80 °C. Stocks were titered by plaque assay on Vero @dlist initial experiments and
the discovery that OC43 grows efficiently in 293A cells, 293A cells were infected with
OCA43 togenerate later virus stockehe 293A cells were infected at MOI <0.1 for 1 h in
serumfree DMEM at 37°C following replacement of the inoculum with DMEM
supplemented with 1% FBS + 0.5% BSA and continued incubation’&.3% 48 hours
post infection [ipi), the viral supernatant was harvested, centrifuged at 2,500 x g for 5
min, and then the cleared viral supernatant was aliquoted and ste88d@t Stocks

were titered byoci-forming unitassay or293A cells.
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2.3 Plasmids and lentivirus stocks

CoV2 and OC43 N, Nsp1, and Nsp@®RFswereamplifiedusing polymerase
chain reaction (PCRyom cDNAs generated from total RNA of infected Vero cells
collected at 24 hpi using specific primers with simultaneous introduction of flanking
restriction sites. fien, coding sequences were inserted between EcoRI and Xhol sites into
pCR3.EEGFP vectofKhaperskyy et al., 201@p generate pCR3:EGFROC43N,
pCR3.:EGFRCoV2-N, pCR3.2EGFROC43Nsp1l, pCR3.IEGFRCoV2-Nspl, and
pCR3.:EGFROC43Nspl5 plasmids. To generatetdfminally HA-tagged Nspl
constructs, coding sagnces were inserted between Kpnl and Xhol sites into 3xHA
miniTurboNLS_pCDNA3 vector (a gift from Alice Ting, Addgene plasmid # 107172) to
generate pCDNAHA-OC43Nspl and pCDNAFHA-CoV2-Nspl vectors (miniTurbo
NLS coding sequence was replaced by Nspliseces). Amino acid substitutions in
pPCDNAS3-HA-CoV2-Nspl vector were introduced using Phusion PCR mutagenesis (New
England Biolabs) to generate pCDNMA-CoV2-Nspl(R99A) and pCDNAIA-CoV2-
Nspl(R124A,K125A) vectors. To generate lentivirus vectors pEH@ERBSD and
pLIM1-EGFRG3BP1BSD, the PCRamplified EGFP and G3BP1 coding sequences
were inserted into the multicloning site of pLJ81 vector (71). All constructs were
verified by Sanger sequencing, sequences are available upon request. To generate
lentivirus stocks, HEK 293T cells (ATCC) were revetsnsfected with
polyethylenimine (PEI, Polysciences, Warrington, PA, USA) and the following plasmids
for lentiviral generation: pLJIMB* backbonebased constructs, pMD2.G, and psPAX2.
pMD2.G and psPAX2 are ¢# from Didier Trono (Addgene plasmids #12259 and
#12260).At 48 h posttransfection, lentivirus containing supernatants were passed
t hr ou g hM fidter &d #ozen at80 C.

2.4 Generation of stably transduced cell lines

To generate 293A[EGFP] and 293A[EGE3BP1] cells, 293A cells were
transduced with lentiviruses produced from pLIE&FRBSD and pLIMIEGFR
G3BP1BSD vectors and at passage 3 gostsduction, EGHpositive cells were
isolated using live cell sorting onDBFACSAria Il instrument, culturedand used for

experiments at passage 5 to 6.
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2.5Cell treatments

For SG induction, sodium arsenit&s( Millipore Sigma) was added to the media
to a final concentration of 500 uM and cells were returned t&3Mcubator for 50 min;
or silvestrol (Sil.; MedChemExpress, Monmouth Junction, NJ, USA) was added to the
media to a final concentration of 500 nM and cells were returned © Bicubator for 1
hh.To induce el F2U p h o sTg; Bigmywhsaddeddothe medmsop s i g a
a final concentration df uM and cells were returned to 3Z incubator forl h; cells
were transfected with 1 pg Polyinosinic:polycytidylic aqilfy 1:C; Thermqg and cells
were returned to 37T incubator for 2 hor cells were washed briefly with phosphate
buffered saline (PBS) and exposed to 20 m3(dtmaviolet light (254nm, UVC) in a
HL-2000 Hybrilinker chamber (UVP) and cells were returned tdC3incubator for 2 h
To induce GADD34Tg (Sigmg was added to the mediaa final concentration of 1 uM
and cells were returned to 3Z incubator for 4 h. To inhibit the integrated stress
responseintegrated stress response inhibitor (ISR¥yMg was added to the media to a
final concentration of 200 nM and cells werauraed to 37C incubator for 23 hTo test
6-Thioguaning(6-TG) for potential SG induction,-B8G (Sigma)was added to the media
to a final concentration of 10 uM and cells were returned ta&C3icubator for 4 h or 20
h.

2.6 Virus infections

Cell monolayers grown in 26m wells of 12well cluster dishes with or without
glass coverslips were washed briefly with PBS and 300 pl of virus inoculum diluted to
the calculated MOI = 1.0 in 1% FBS DMEM was addd@I was calculated based on
titering in293A cells and this calculation was used for infection of 293A, BEAS2B, and
HCT-8 cells.Cells were placed at 3T for 1h, with manual horizontal shaking every
10-15 min. Then, virus inoculum was aspirated from cells, cells were washed with PBS, 1
ml of fresh 1% FBS DMEM was added to each well, and cells were returned® 37
until the specified time posnfection.
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2.7 Transfection

The293A cells were seeded into-2im wells of 12well cluster dishes with or
without glass coverslips and the ndaly transfected with 500 ng DNA mixes/well
containing expression vectors (250 ng) and pUC19 filler DNA (250 ng) using Fugene HD
(Promega, Madi son, WI , USA) according to m
the amount of filler DNA was reduced to 159 and 100 ng of the pCR3BGFP
plasmid was cdransfected with expression vectors for Nspl proteins. Cells were used

for experiments 224 h posttransfection as indicated.
2.8siRNA knockdown

For silencing of GADD34, 293A cells were transfected withbion Silencer
SelectsiRNAs (sSiGADD34#1(s24269)& siGADD34#2(s24268) using Lipofectamine
RNAIMAX (Invitrogen)according to manufacturer's protocol (reverse transfection-in 12
well cluster dishes) and treated/analysed dt p8sttransfection. For a netargeting
siRNA control, cells were transfected wililencer Select Negative Control $lIRNA
(SINT; Ambion, #439084%

2.9Immunofluorescence staining

Cell fixation and immunofluorescence staining were performed according to the
procedure described (iYing & Khaperskyy, 2020)Briefly, cells grown on 18nm
round coverslips were fixed with 4% paraformaldehyde in PBS for 15 min at ambient
temperature and permeabilized with coldthanol for 10 min. After i blocking with
5% BSA(BioShop, Burlington, ON, Canada) in PBS, staining was performed overnight
at +4°C with antibodies to the following targets: elF3B (1:400; rabbit, Bethyl Labs,
A301761A); elF4G (1:200; rabbit, Cell Sidimay, #2498); G3BP1 (1:400; mouse, BD
Transduction, 611126); G3BP2 (1:1000; rabbit, Millipore Sigma, HPA018304); HA tag
(1:100; mouse, Cell Signalling, #2367); OC43 N (1:500; mouse, Millipore, MAB9012);
TIA-1 (1:200; goat, Santa Cruz Biotechnology13&1); TIAR (1:1000; rabbit, Cell
Signaling, #8509). Alexa Fluor (AF§onjugated secondary antibodies used were: donkey
antrmouse IgG AF488 (Invitrogen, A21202), donkey aabbit IgG AF555 (Invitrogen,
A31572), donkey artjoat IgG AF647 (Invitrogen, A32839Where indicated, nuclei
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were stained with Hoechst 33342 dye (Invitrogen, H3570). Slides were mounted with
ProLong Gold Antifade Mountant (Thermo Fisher) and imaged using Zeiss Axiolmager
Z2 fluorescence microscope and Zeiss ZEN 2011 software. Quardificd SGpositive

cells was performed by counting the number of cells with at least two discrete
cytoplasmic foci from at least 3 randomly selected fields of view, analysing >100 cells
per treatment in each replicate. Analysis of SG number and sizeswased on

cropped images of individual cells using ImageJ software Analyze Particles function after
automatic background subtraction and thresholding. For each of 3 independent biological
replicates, 7 cells selected from at least 3 random fields ofwae analyzed for a total

of 21 cells per condition.
2.10Western blotting

Whole-cell lysates were prepared by direct lysis of Rished cell monolayers
with 1x Laemmli sample buffer (50 mM T+CI pH 6.8, 10% glycerol, 2%oidum
dodecyl sulphateSDS), 100 mM DTT, 0.005% Bromophenol Blue). Lysates were
immediately placed on ice, homogenized by passing througfgaltje needle, and
stored at20°C. Aliquots of lysates thawed on ice were incubated at 95°C for 3 min,
cooled on ice, separated using deriatupolyacrylamide gel electrophore$RAGE),
transferred ontpolyvinylidene fluoride(PVDF) membranes using Trans Blot Turbo
Transfer System with RTA Transfer Packs {Bad Laboratories, Hercules, CA, USA)
according to manuf ayset byrinenundldottipgrusing antbody and a
specific protocols. Antibodies to the following targets were ua&&4 (1:1000; Rabbit,
Cell Signalling, #9644)h-actin (1:2000; HRRonjugated, mouse, Santa Cruz
Biotechnology, s&7778);Bip (rabbit, Cell Signallig, #3177)e | F2U (1: 1000; r
Cell Signaling, #5324); elF4G (1:1000; rabbit, Cell Signaling, #2498); G3BP1 (1:4000;
mouse, BD Transduction, 611126); G3BP2 (1:2500; rabbit, Millipore Sigma,
HPA018304),GADD34 (1:1000; mouse, Proteintech, #10448P); GCN2 (1:1000;
rabbit, Cell Signalling, #3302siFP (1:1000; rabbit, Cell Signaling, #2956); HA tag
(1:1000; mouse, Cell Signalling, #2367); OC43 N (1:1,000; mouse, Millipore,
MAB9012); phosphes51e | F2U (1: 1000; r ab bphaospheT8%1 | Si g1
GCN2 (1:1;000; rabbit, Cell Signalling, #94668); phosjidd8GCN2 (1:1;000; rabbit,

o)}
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Cell Signalling, #3076)PKR (1:1000; rabbit, Cell Signaling, #3072Z)AR (1:1000;

rabbit, Cell Signaling, #8509). For band visualization, Hi®Rjugated antrabbit IgG
(Goat, Cell Signaling, #7074) or amtiouse IgG (Horse, Cell Signaling, #7076) were
used with Clarity Western ECL Substrate on the ChemiDoc Touch Imaging Sysytem
(Bio-Rad Laboratories). Where indicated, total protein was visualisedrpaster to
PVDF membranes on ChemiDoc using Stéiee fluorescent dye (BiRad

Laboratories). For analyses of protein band intensities, western blot signals were
guantified using BieRad Image Lab 5.2.1 software and values normalized to the Stain

free signal for each lane
2.11RNA isolation and RT-QPCR

Total RNA was isolated from cells using RNeasy Plus Mini kit (Qiagen)
according to maand25amgbfiRNAewas sedporsymthesizecDNA
using gScript cDNA SuperMix (Quanta) or Maxima H Minus Reverse Trigntsse
(Thermo Fisher). Quantitative PCR amplification was performed using PerfeCTa SYBR
Green PCR master mix (Quanta) and specific primers listed below on Cielo 3 QPCR unit
(Azure). Primers used: 183 eft: cgttcttagttggtggagcg, Right: ccggacatctaaggggat
ACTB - Left: catccgcaaagacctgtacg, Right: cctgcttgctgatccacatc; G3Béf:
ggtcttaggcgtgtaccctg, Right: tatcgggaggaccctcagtg; G3Re®: gcctgttaatgctgggaacac,
Right: tgttgcctcctgttgcagaGADD34 - Left: ctcaagcgcccagaadright:
ggaaatggacagtgacGttGAPDH - Left: gagtcaacggatttggtcgRight: ttgattttggagggatctcg
OC43N'i Left: ggacccaagtagcgatgagg, Right: gtgcgcgaagtagaiCithyR - Left:
tggaagatgcagaagaccgag, Right: tgcactccctagctctgaca. Relative target levels were

determinedi si ng @pCt met hod with normalization t
2.12 Statistical analyses

All numerical values are plotted as means (bar graphs) and display individual
datapoints representing independent biological replicates (separate experiments
performed on different day; the error bars represent standard deviations. Statistical
analyses for each data set are described in figure legends and were performed using

GraphPad Prism 8 software.
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CHAPTER 3: RESULTS
3.1 Coronavirus OC43 inhibits stress granuleformation.

To begin,l infectedHEK293A (293A) cells with OC4at an MOI of 1 and
analyzed SGormation using SG marker TIARt varioushpi, little to no SG formation
was observed in infected ce(lBigure 31A). In fact, the only timepoint where SG
formation was observed in response to viral infection was BpPdnd SG formation
occurred in less than 5% of ce{lsigure 31A). Becauseso few SGs were observed in
infected cells| analyzed if OC43 actively inhibited SG formation. To test thisetlus
sodium arseniteAs) treatment; As is a potent Si@&ducing agent which causes SG
formation through activation of (NNRI and
Kedersha eal., 2002; N. L. Kedersha et al., 199%he 293A cells were infected with
OC43and treated with As for 5@ prior to fixation at 2Api. At 24hpi and 50m-post
As treatment, cells were stained forthl analyze the level of viral infectipand TIAR
to observe SG formation. Approximately 100% of mock cells treated with As formed
SGs as expected (kige 31B,C); however, only 30% of infected cells treated with As
formed SGs (Figre 31B,C). In fact, QC43-infected cells had increased TIAR
localization to the nucleus, away from the cytoplasm where SGs fornréF3d B). This
observation suggests that OC43 infection limits the formation of SGs, not only induced

through viral infection but also S@sduced through exogenous stressors like As.

To verify that this phenotype was not only limited to 293A cgdltested the level
of SG formation in OC4fected cells in two additional cell lines: BEA® cells and
HCT-8 cells.BEAS-2B cells are immortazed primary human upper airway epithelial
cells which closely represent a cell type infectecCoysin vivo.HCT-8 cells are a
human colon cell line which are commonly used to grow OC43 \inesefore they
would be permissive to OC43 infectiddimilar to 293A cells, BEA®B and HCT8
cells were infected with OC43, treated with As, and SG formation was analyzed at 24
hpi. For BEAS2B cells,nearly 100% of mocls treated cells fored SGswhile only
45% ofinfectedcells formed SGs (Figire 31D,E), indicating that OC43 limits SG
formation in BEAS2B cells as well. In contrast, there was little SG inhibitiorQ6343

in HCT-8 cells at 24pi, where infected cells treated with As formed SGs to a similar
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level as mock cells treated with As (g 31F,G). However, | also observed a lower

level of infection in HCT8 cells at 2zpi compared to 293A cells or BEAZB cells at

this timepoint (Figre 31B,D,F - OC43 only) Fewer infected HCB cells at 24pi may

be due to differential replication kinesiin this cell linecompared to 293A or BEAZB

cells Thus, I questioned if SG formation would be inhibited by OC43 at later timepoints
in HCT-8 cells At 48 hpi, the level of OC43 infected HEF cells was similar to that of
infected 293A or BEASB cellsat 24hpi. Additionally, at 4&hpi, OC43 also
significantlylimited SG formatior(Figure 31H,I). Therefore, OC48uppresseAs-

inducedSG formation and this phenotype is not limited to a specific cell type.
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Figure 3.1 Coronavirus OC43 inhibits stress granule formation Cells were infected
with OC43 at multiplicity of infection (MOI) = 1.0 and SG formation in infected cells
was analyzed at the indicated times go&tction using immunofluorescence staining for
nucleopotein (N(OC43), teal) and SG marker TIAR (magenta). hpi = hours post
infection. Scale bars = 50 um. (A) Immunofluorescence analysis of infected 293A cells at
different times posinfection. (BD,F,H) Immunofluorescence analysis of SG formation
in mock infected and OC4hfected 293A (B)BEAS-2B (D), andHCT-8 (F,H) cells
treated with sodium arsenite (+ As) or untreated infected cells at indicated times post
infection. C,E,G,l)Fraction of cells with SGs was quantified in mock and O@4&cted
cells at he indicated times postfection. Tweway ANOVA and Tukey multiple
comparisons tests were done to determine statistical significance (**valpe <

0.0001, ns = nowgignificant). On all plots each data point represents independent

biological replicatd N O 3). Error bars = standard dev
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32Coronavirus OC43 limits elF2U phosphoryl a

Because OC43 could limit SG formation induced througlréament, | next
examined the | evel sduring infectiofAs tleatménimdugedtoer y | at i
production of reactive oxygen species (ROS) witehises oxidative stresctivaing the
el F2 U k iandeesuting thRhke phosphorylationofeR U and subsequent
formation(N. Kedersha et al., 2002; N. L. Kedersha et al., 1998)s | infected293A
cells with OC43 at an MOI of 1 and treated with As fond@rior tolysis at 24hpi to
analyze el F2U phos p heexyettedtAs toeatmdntyincreddes t er n b
l evel of phos pbre324llaaset2e Idterestingly? QCAJ irfféorg
decreased the | evel offeatedhfécteddellpahléhpipaitto r y | at i
further decreases i n t [adatettimepeiits (Rige 328l F2 U p h
Quantificationofe | F2 U p h o s p hhpiinynfeeted cetisshovaed a sBydificant
reduction when compared to mock cells treated with Asu€i§2B). In addition, there
was a reduction in G3BP1 protein levels at later timesipésttion (Figire 32A);
G3BP1 is a S&iucleating protein ansignificantly influences SG formatigiN.
Kedersha et al., 2016b; Tourriére et al., 2003)

Because | observed similar levels of SG inhibition by OC43 in 293A, BEASnd
HCT-8 cells, | wondered if OC43 could imit&@®J phosphoryl ation in t

cel | l ines as well . Thus, | -2BaralCT8 eclis el F2 U
infected with OC43 and treated with As. For BE2B cells, western blot analysis
showed | ittle el F2 tnfestddarslpdreated/cella (Figreo32C),i n OC4

and quantification of t he hplshowedlasignificare | F2 U p
decrease of phosphor yl are32D). FerIHE®Uellg, therei nf e c t
was littledifferenceto the levelof dF 2 U phosphoryl ation in mock
treated with Asat 24hpi (Figure 32F). However, analysis of the level of phosphorylated

e | F 2 UhpantHCHA-&cells showed a significant decrease in infected cells treated

with As compared to moelss treated cells (Figre 32G). Thus, not only does OC43

limit SG formation in various cells lines, this inhibition of SG formation coincides with

significantd ecr eases in the | evel of el F2U phosph
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suggest that OC43 may | imit el F2U phosphor
of SG formation observedluring OC43 infection.
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Figure32Coronavi rus OC43 | i mi tCsllswerefnediedpithos phor
0OC43 at multiplicity of infection (MOI) = 1.0 anlévels of N protein accumulation and
phosphorylation of el F2U wer e -afacioh.ysed by
(A,C,E) Westen blot analysisof A nduced el F2U phosphoryl ati
N protein in 293A A), BEAS-2B (C),andHCT-8 (E) cells at the indicated times peost

infection. Levels of SG nucleating protein G3BP1 were also analyzed in (C). Actin was

used as loadg control. B,D,F,G)Relativepe | F2U( hevelh!| i zedort o t ot a
actin) was quantified in mock and OC4i#fected cells at the indicated times post

infection. Tweway ANOVA and Tukey multiple comparisons tests were done to

determine statisticaignificance (***, p -value < 0.001**, p-value <0.01ns = non
significant). On all plots each data point

3). Error bars = standard deviation.
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33Coronavirus OCph8sphorylationirrespeetivdroRthk activated
el F2U kinase.

Previous results suggest that OC43 | i mi
activation(Figure 32), however, there are three addit.i
phosphor y(N &edeshaeet aF, 2002, 2013Jo investigate if the limited levels
of phosphoryl ated el F2 Udepebdsterrthe activatiomoai nf e ct
specific el F2U hkei nasvee,l lofarmedlFRzbe dbhosphoryl
treated with various agents tlwuse phosphorylation ef| F 2 U t hactivaiogdf t h e
theotherthreee | F2U ki nases. Specifically, 293A ce
MOI of 1 and were left unérated, or were treated withapsigargin Tg) which causes
ER stresshrough disruption of calcium homeostaaiglactivatess PERK (Harding et al.,

1999) transfected witliPolyinosinic:polycytidylic acid (poly 1:C) which is a dsiRN

mimic that activates PKRGarcia et al., 2007bdr treated with ultraviolet (UV) light

which activates GCNEP. Zhang et al., 2002\t 24 hpi and postreatment or

transfection, cells were lysed for western blot analysis. While | did not have access to a
functionalphosphePERK ortotal PERK antibody, | was #bto examine the level of

activated and total GCN2 and PKR. As expected, poly I:C transfection activated PKR

shown by the increase in phosphorylated RRigure 33 Lane 5&6) and UV light

activated GCN2, shown by the increase in phosphorylated GCN2€R@ Lane 7&9.
Interestinglyregardless ofthe r eat ment wused to activate the
OC43 infection still decreaswald3)tThese | ev el 0
results suggest that OC43 does not limitghe 0 s p h o r y | athrdugh imteréefing e | F 2 U
with the activationoé | F2U ki nases. l nstead, OC43 may |

el F2U in order to |limit the | evel of phosp
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Figure 3.3Coronavirus OC43 limitse | F2U phosphoryl ation irres
activat ed €elfvetd infedted with ®C43 at multiplicity of infection

(MOI) = 1.0 andwere left untreated (NT) or treated with thapsigargin (Tgg ) f or 1

h, transfected witlPolyinosinic:polycytidylic acid (Poly I:.C) (8 g ) H, or treat2d

with ultraviolet (UV) light (20mJ/cm2) for 2h. Phosphorylation of5CN2, PKR, and

el F2U wer e anal ys e dAdinywaswses isdoading dohtrblE2. at 2 4
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3.4 Coronavirus OC43upregulates GADD34RNA levels.

TotestifOC4pr omot es the dephosphoryl ation of

transcript levels of GADD34 during infectiohhe possibleriduction of GADD34 by

OC43 could account for the decreased | evel

infection (Figure 32,3.3), given that GADD34 is reported to dephosphorytate F 2 U
(Harding efal., 2003) The 293A cells were infected with OC43 at an MOI of 1 and left

untreated or were treated with Tg foh br 4h, and were lysed at 2¥i for western blot

or RT-gPCRanalysis. Treatmentof Tgforik i s known t o pwhiedphor vyl

h treatment of Tg is knowto induce GADD34 to a level that decremsee | F 2 U
phosphorylatiorfNovoa et al., 2003)'his phenotype was confirmed by western blot
analysis of Tegtreated samples$n mock cells, h Tgtreatment increased the level of
el F2U phos p hbre344 tompaidanes 1(&R), while 4 Tg treatment had

|l ow Il evels of phosphoryl ated we3BRctmpare mi | ar

Lanes 1 & 5)Additionally, OC43 infectonwasagan s hown to | i mit
phosphorylation in h Tgtreated cells (Figre 34A compard_anes 3 & 4). At this time,

| did not have access to a functional GADD34 antibody to examine GADD34 protein
levels during infection. Thus, | analyzed GADD34 RNA leveldrdyimfection.As
expected, the R§PCR analysis showed a mild increase in GADD34 RNA levels in
mock cells treated with Tg forlLwhile 4h treatment revealed an over fdotd increase
in GADD34 RNA levelsrelative to untreated mock ce(Bigure 34A). In infected cells,

| observed an even greater increase in GADD34 RNA levelsi@&g4A). RNA levels
of A C T B-Adtif) and GAPDH were also measured as a control. In fact, ACTB and
GAPDH RNA levels were generally decreased in infected cellsi({&ig4B,C). Given
that RNA levels of household genes are generally decrelased) infection while
GADD34 RNA levels are significantly increaseis possible tha©C43 upregulates
GADD34to dephosphorgtee | F i2dimetranslation and promote viral protein
production.
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Figure 3.4 Coronavirus OC43 upregulates GADD34 RNA levelsThe293A cells
infected with OC4&t MOI = 1.0 and untreated (NT) or treated with thapsigargin (Tg) (1
fh or #h abhd mMRNA levels were determined by®TPCR and | evel of

e M)

phosphorylation was determined by western.l§fot Western blot analysis of mock or

infected cells untreted or treated with Tg foriior 4h (N = 1).Relative 8) GADD34,
A C FA&tin), dnd D) GAPDH mRNA levelsValues were normalized to 18S.

(©)

Each data point represents independent biological replica®8JNError bars = standard

deviation.Two-wayANOV A and

Dunnett 6s

mul tiple

determine statistical significance{*, p -value < 0.0001***, p -value < 0.001; **, p

value <0.01; *, pvalue < 0.05).
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3.5 Coronavirus OC43 upregulates GADD34 independently from downstream

activation of the integrated stress response.

Given that OC43 significantly upregulated GADD34 RNA leyelsext tested if
OC43 could promote uUORSFk i ppi ng i ndependently from pri
To test this, | used a small molecule inhibitor of the integrated stress regl8Rse
ISRIB (Rabouw et al., 2019; Siauski et al., 2015Duringthe ISRwvhen el F2U i s
phosphorylated, it prevents elF2B from exchanging GDP for @fieh limits the
recycling of the ternary complexhibiting translation initiatior{fJackson et al., 2010)
The lack of active ternary complexiereases leaky scanning, or UORF bypass, of the
48S ribosomal subunit which in turn promotes translation of downstream QJaéson
etal.,2010) | SRI B prevents transl ati ¢e¢hroughut down
binding to elF2B andhcreasinghe guanine exchange factor activity of elf-aBowing
translation to continudespitethe presence g h o s p h o r y (Rabowvcetak, | F2 U
2019; Zyryanova et al., 2018)his in turn prevents synthesis of transcription facto
ATF4, because translatiari this downstream ORIRcreases when global translation
initiation is inhibited(Rabouw et al., 2019; Sidrauski et al., 20¥5)F4 is the main
transcriptional inducer of GADD34hus GADD34 is not induced during ISRIB
treatmen{Sidrauski et al., 2015Y0 confirm ISRIB treatment works in this experimental
system293A cellswere treated with Tgnd ISRIB for 1 h or 4h. Tg treatment for h
increasec | F2 U p h o sapdhhisingréasetwasamaffected by ISRIB treatment
(see Appendix)However, ISRIB treatment did inhibit induction of GADD34 bl Zg
treatment which correlated with sustaired F 2 U p h o s qorifirmning/thatl$RiIBo n
works as expected in this experimental system (see Appendix).

After the initial testing of ISRIB, | wanted to analyze if ISRBatmentvould
affect upregulation of GBD34 by OC43The293A cells were infected with OC43 at an
MOI of 1. At 1 hpi, cells were treated with ISRIB and 50 m prior to lysis at@423h
post ISRIBtreatmen, cells were also treated with As talicee | F2U phosphoryl :
and SG formatiorBecause ISRIB treatment resumes translation, SG formation is also
limited because many translation initiation factors are depleted from SGs as they are
redirected to active sites of translatitmmunofluorescence analysis of -figated cells
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treated with IRIB showed a significant decrease in SG formationufe@5A/B

compare NT v. ISRIB of Mock + As celldjor OC43 infected cells, | again observed a
significant decrease in the level of SG formation compared to mock cells treated with As
(Figure 35A/B compare NT of Mock + As v. NT of OC43 + As cells). In fact, the level

of SG formation was similar between-&eated cells treated with ISRIB and-&eated

infected cells (Figre 35A/B compardSRIB of Mock + As v. NT of OC43 + As cells

When infected cells were treated with ISRIB andthAere was an even further decrease

in the fraction of infected cells fming SGs (Figre 35A/B compare NT of Mock + As

v. ISRIB of OC43 + As cells)These observations suggest that ISRIB treatment does not
affect OC4306s ability to |imit SG formatio
mediated dephosphorylationofee U and upregul ati on of GADDS3
analyzed by western blot and RPCR. As observed previously, OC43 significantly

limtedAsi nduced el F2 Uatpshpd(Bigure 85CAD comparé@mes 3 &

4). With ISRIB treatment, OC43 still limied el F2U phouse@¥Cor yl at i on
compare lanes 7 & 8); comparisons of NT and ISRi8ated infected cells treated with

As showed nearly an i dent i wmB5D) FRutherandof pho
observed previously, OC43 significantlyregulated GADD34 RNA levels, and ISRIB

treatment did not affect this upregulation (g 35E). Also, ISRIB treatment did not

significanty affect OC43 RNA levels, as detected by the transcript levels of Nuré~ig

3.5F). These resultsdicate that OC43 does not require activation of the ISR to

upregul ate GADD34 and promote el F2U dephos

promoteGADD34 expessionthrough another mechanism.
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Figure 3.5 Coronavirus OC43 upregulates GADD34 independently from

downstream activation of the integrated stress respons&he 293A cells were infected

with OC43 at MOI = 1.0, untreated (NT) or treated with ISRIB for 23h, and untreated

(NT) or treated with Arsenite (As) for 50 miSG formation in infected cells was

analyzed using immunofluorescence staining for nucleoprotel@@M8), teallandSG
marker TIAR (magenda Phosphoryl ation of el F2U was ar
transcript levels were measured by-RPCR. (A) Immunofluorescence analysis of SG

formation in mock infected and OC4i¥ected cells treated with ISRIB afod sodium

arsenite (+ As) or untreated infected cells. (B) Fraction of cells with SGs was quantified

in mock and OC4anfected cells. (C) Western blot analysisofids1duced el F2 U
phosphorylation and accumulation of N protein in 293A cells. Actin wasasad

l oading control. (D) Relative | evel of el F
guantified from C. (E)RMPCR of GA DD 3 4-Actnj. Bor &l gldisBeachb

data point represents independent biological replicate (N=3). Error bargdarstan

deviation. Tweway ANOVA and Tukey multiple comparisons tests were done to

determine statistical significance (**,-palue < 0.01, ***, p-value < 0.001%*** p -

value < 0.0001ns, nonsignificant).
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3.6 Upregulation of GADD34 by OC43is not required for dephosphorylation of
el F2U.

Next, | aimedto confirm if this upregulationf GADD34 by OC43 was required
for the diminished | evels of el F2U phospho
this, Itransfected 293A cells with one of two distinct sSiRNAs targeting GADD34
(sSiGADD34#1 or siGADD34#2) as well as a ntamgeting (SiNT) siRNA as a control.
Then, 24h post transfectiothpt), | infected these cells with OC43 at an MOI adrid
treated with Ador 50 m prior to lysis at 2Api/48hpt. Western blot analysis confirmed
knockdown of GADD34 as there was little to no GADD34 protein expregsion
SiGADD34#1 or siGADD34#2transfectedamplegFigure 36A, compare upper and
lower paneld.anes 58). Inaddition,| detected an increase in GADD34 protein
expression in infected samples that were transfected with siNT cootnpared to mock
samplegFigure 36A, compare upper and lower panebnes 2 & 4). This observation
directly reflects the increase of GADD34 RNA levels previously observed during OC43
infection at 2pi (Figure 34A,35E).As for the |l evel of el F20
observed thaDC43 limits the level of A3 nd uc e d phbrfaidn ingINT-0 s
transfected cell@igure 36A, compareupper and lower panelsanes 3 & 4; Figure
35B).I n GADD34 knockdown samples, the | evel
infected and Adreated cells was still significantly decreased compareddck and As
treated cells (Figre 36A, compare upper and lower panklBnes 7 & 8; Figure 36B). In
fact, there was no significant difference
infected, Astreated cells transfected with siNT or either SIGADD34 ((Feg36B). This
result suggests that the upregulation of GADD34 by OC43 is not requirecfor th
di mini shed |l evel of el F2U phosphorytation
gPCR analysis of these samples confirmed knockdown of GADD34 at the RNA level
(Figure 36C GADD34) and there was no significant change to OC43 RNA levels, as
detected P the transcript levels of N (Rige 36C OC43). Further, there was a significant
decrease in viral titers with knockdown of GADD34 compared to SiNT cofftigure
3.6D), suggesting that while upregulation of GADD34 is not required for @@d@iated
decrase of el F2U phosphorylation, it may be

infection.
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Figure 3.6 Upregulation of GADD34 by OC43 is not required for dephosphorylation

of e.THe 293A cellsvere infected with OC43 &OI = 1.0 and phosphorylation of

el F2U was analysed by western bl ot. Levels
blot and RTqPCR. Viral titers were measured by FFU/ml. hpi = hours-pbsttion.

(A) Western blot analysis of 293A cells transfectethwiRNAs against GADD34, mock

or infected with OC43, and untreat@dT) or treated with arsenite (As) at At and 24

hpi for 50 min. (B) Rel atompaedtbeNTMockef el F2
As(normalized to tot alC)RHQPCRDLjGADDB®AdNt i f i ed f
OC43N. For GADD34 RNA,tweway ANOVA and Tukeyds mul tip
were done to determine statistical significance. For OC43 RNAwayeANOVA and
Tukeyds multiple comparisons t sighficaneeer e com
(D) Foctforming units (FFU) calculated using immunofluorescence microscopy of

OC43N in 293As infected with harvestasdipernatantsollected at the same time as (A

C). Forvirus titers,on&vay ANOVA and Dunnett édswemul ti pl e
done to determine statistical significance. Fophits, each data point represents

independent biological replicate (N=3)*¢, p -value < 0.0001%**, p -value < 0.001;

** p-value <0.01; *, pvalue < 0.05, ns, nesignificant)
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3.70C43 inhibits stress granuleformation in the presence of 6Thioguanine.

Previously, | observed that OC43 limits SG formation induced through As
treatment and in the presence of ISRIBcollaboration with other researchers, my lab
recently identified 6rhioguaning6-TG) as a selective inducer of SG formatiorAV -
infected cells, resulting in limited IAV replicatiq®laine et al., 2021Pur
corresponding preprint suggestd 6 also limits OC43 infection, but it has yet to be
confirmed if limited OC43 infection is related to SG induction, like IAWus, |
guestioned if OC43 would still be able to limit SG formation in the presengd Gf or
if 6-TG may induce SG formation in OC4Ai¥ected cells. The 293A cells were infected
with OC43 at an MOI of And were left untreated or were treated wih@ for 20h,
treated with 6TG for 4h, or treated with As for 5. At 24hpi, cellswere fixed for
immunofluorescent microscopy and western blot. As previously observed, there was a
significant decreaseinAsnduced SG formation and | i mitec
infected cells (Figre 37A,B,D). Further, there was no significant intdan of SG
formation in infected cells treated witRT&> (Figure 37A,B); however, longer-8G
treatment for 2 resulted in reduced number of infected cellsfeég37A,C). Further
research in this area revealed thdat® limits accumulation o€oV spike protein
(Pringle et al., 2022)%imilar to how this compound affects IAV glycoprotein
accumulatior(Slaine et al., 2021 Notably,because there was no concurrent induction of
SG formation in OC4anfected cells (Figre 37A), these results suggest that OC43 is
still able to limit SG formation despite disruption of viral protein accumulation and

activation of the ER stress response.
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Figure 3.7 OC43 inhibits stress granule formation in the presence of-Bhioguanine.

The293A cells were infected with OC43 at MOI = 1.0, untreated (NT) or treated with 6
thioguanine (6TG) for 20h, 6 TG for 4h, or Arsenite (As) for 50 min. SG formation in

infected cells was analyzesing immunofluorescence staining for nucleoprotein
(N(OC43),tealpndS G mar ker TI1 AR ( magent a) . Phosphor
by western blot. (A) Immunofluorescemanalysis of SG formation in mock infected and
OC43infected cells treated with- TG and/or sodium arsenite (+ As) or untreated

infected cells. (B) Fraction of cells with SGs was quantified in mock and @G&&ed

cells.(C) Fraction of infected cellsas quantified in infected cells treated witiT 6

(20h and 4h) and A¢D) Western blot analysisof Asnduced el F2U phosphc
accumulation of N protejrand expression of endoplasmic reticulum stress marker Bip

and transcription factor ATE4\ctin was used as a loading control. For all plots, each

data point represents independent biological replicate (N=3). Error bars = standard
deviation.Oneway ANOVA and Tukey( B) o r D umultipte tcdm@asisorfs @&3ts

were done to determine statistical significance (fyglue < 0.05** **, p -value <

0.0001, ns, norsignificant).
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3.8Coronavirus OC43 inhibits stressgranuls i ndependently of el F2

phosphorylation.

Thus far, | haveincovered that OC43 limits SGor mat i on and el F2U
phosphorylationdthoughlhave yet to determine how O0OC43
phosphorylation. Instead of further investigating the mechanism of how OC43 limits
el F2U phosphoryl ationoddmicug iomf édtilaomitled
phosphorylation is the only method for how OC43 suppresses SG formation. Specifically,
| tested if OC43 could limitheformation of SGs that form independently from the
phosphor yl at iestral (Sb.)is anetheF 260ducing agenvwhich is reported
to interfere with the function of translation initiation factor elF&Aazroui et al., 2006;

Slaine et al., 2017eIF4A is an RNA helicase which promotes unwinding of &R

in order for the 8S subunit to scan along the RNA sequeideekson et al., 2010)

Interference with elF4A prevestranslationinitiation, irrespective of the

phosphoryl at i omlleald tathetaggregafion ef infrahslated mRNPs and
subsequent SG formatigiazroui et al., 2006)T herefore 293A cells were infected

with OC43 at an MOI of 1 and at 2i, cells were treated with Sfor 1 h. At 24hpi,

cells were fixed for immunofluorescemmicroscopy to visualize SG formation by SG

marker TIAR anctells were lysed for western blot analysisneasurehte level of

phosphor y ISantlaetdthedeverd §G formation in Aseated mock cells

(Figure 31B), nearly 100% of mock cells ttea with Sil formed SGs as expected

(Figure 38A,B). However, only approximately 50% of infected cells treated with Si

formed SGs (Figre 38A,B), suggesting that OC48hibits SGs that form independently

from the phosphor yl aloindicatepthat GCUBHIZY. Thi s r e
additional mechanisms, othémanlimitingl evel s of el F,208upprés® sphor y
SG formation. To confirmthatSi r eat ment di d not affect elF
compl eted a western blot to analyze the | e
previously, OC43 infection decreases the level of As d u ¢ e ghosphofylatioh, but

there was no increase inthelesef phos phor yl teeateddellssconip@dd i n S
to mock untreated cells as expected (Feg38C).

42



A

293A (24 hpi)
Mock OC43  Mock + Sil. OC43 + Sil.

N(OC43)/TIAR 50 um
B 293A (24 hpi) c
deokk ok + As + Sil.
B il o 0C43: - * = + - +
o o 38. N p-elF2a
= 084
E 064 s 38- . —————|o|F2q
[«F)
&)
' 94 55- — -— ~— N
c
-% 0.2
© | T T S — —— S— -actin
= 00“”"&' T T 48
& o SR 1 2 3 4 5 6
N R ¥
+ Sil.

Figure 3.8 Coronavirus OC43 inhibits stress granules ndependent |l y of el
phosphorylation. The293A cells were infected with OC43 at MOI = 1.0 arehted

with silvestrol (+ Sil.)for 1 hto induce SG formation. Cells weaealyzed at 24 hours
postinfection (hpi) using immunofluorescence staining for nucleoproteirs@darker

TIAR and westernblbt i ng t o me as ulatien (&) Immanbflugrescerse h o r y
analysis of SG formation in mock infected and O@#f&cted cells treated withlvestrol

(+ Sil.) or untreated infected cells. (B)
blot. (C) Faction of cells with SGs was quantified in mock and O@dé&cted 293A

cells treated and stained as in panel (A). Each data point represents independent

biological replicate (N=3). Error bars = standard deviation.-Wayg ANOVA and

Tukey multiple comparists tests were done to determine statistical significance (****, p

-valueupper case or £00.0001, ns = naesignificant).
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3.9 Coronavirus OC43 inhibits canonicalstress granuleformation.

An important consideration whexamining SG formation i® confirm that the
foci observed are canonical SGs. Thus far, the only SG marker that has been used is
TIAR and during OC43 infection, | have observed an increased in nuclear localization of
TIAR (Figure 31A,B, 3.7A, 3.8A). To confirm that OCA43 infectionas limiting SG
formation and not redistributing TIAR away from SGs so they could not be visualized, |
investigated SG formation in response to As or Sil. treatment through the use of five
additional SG marker3.hese markers include elF4G, G3BP1, TWMAGBP2, and
elF3B; these are common SG components previously reported to localize to SGs induced
by various stressof&ulas et al., 2017)The 293A cells were infected with OC43 at an
MOI of 1 and prior to fixation at 2Hpi, cells were treated with As for 58 or Sil. for 1
h. Immunofluorescence microscopy revealed that irrespective of the SG marker used,
there was an observable decrease in SG formation in-@@t3ed cells compared to
mock cells (Figre 39). Notably, this immunofluorescence analysis highlights the
morphologcal differences in SGs formed by different stressors; in ame®ded cell,
SGs are larger and less numerous while in-&r&ited cell, the SGs appear smaller and

are more numerous (Rige 39).
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Figure 3.9 Coronavirus OC43 inhibits canonicalstress granuleformation. The293A

cells were infected with OC43 at MOI = 1.0 and SG formation in arsenite (+ As),
Silvestrol (+ Sil.), and untreated mock and OC43 infected cells was analyzed at 24 hours
postinfection hpi) using immunofluorescence staining for nucleoprotein and the
indicated SG markers. (D) Representative images of mock infected and OC43 infected
cells immunostained for SG markers elF4G (magenta), G3BP1 (yellowd] Tidal)

G3BP2 (magenta), and elF@iagenta) as indicated. Subcellular distribution of
nucleoprotein (N(OC43), yellow) was visualised by immunostaining and nuclear DNA
was visualised with Hoechst dye (teal) where indicated. Black asterisks indicate infected
cells that did not form SGs. Gugtts show enlarged areas of cytoplasmicated by white
squareswith separation of channels to better visualizéamalization of SGs markers.

Scale bars = 50 &m.
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3.10Coronavirus N proteins inhibit stress granulef or mat i on downstream

phosphorylation.

Having confirmed that OC43 inhibits the formation of canonical SGs induced
through either As or Sitreatment, | next analyzed which viral proteins potentially
mediate this SG suppressidrhe nucleoproteiiN) was thefirst viral protein to
examine, because it is a known R¥#Mding protein andCoV2-N has recently been
reported to bind G3BP@Gordon et al., 2020; Kreset al., 2021; J. Li et al., 2028 key
SG proteinl generated EGFRagged N constructs for both OC43 and CoV2 to test if N
contributes to SG suppression during OC43 infection and if this potential function of N is
conserved in more pathogenic CoVs like CoV2. Then, 293A cells were transfected with
either ESFRN construct or EGFP control and BOprior to lysis or fixatiorat 24hpt,
transfected cells were treated with. Agestern blot analysis revealed that ectopic
overexpression of either EGRPC43N or EGFRCoV2-N did not significantly alter
levelsofelR U p h o s p lseggegtingathat Nasmot involved in the decreased level
of el F2U phosphoryl ati on wite816AB).éndontdast,r i ng O
overexpression of either EGH¥Pconstruct resulted ia significant decrease in As
induced $s (Figure 310C); however, the magnitude of SG inhibition differed between
the two EGFPN constructs. Specifically, EGFRoV2-N was a more potent SG inhibitor
compared to EGFR®C43N, where 35% and 80% of transfected cells formed SGs,
respectively (Figre3.10D). While overexpression of EGEFC43N only poorly limited
As-induced SG formation, EGFBC43N wasmore efficient at limiting the formation of
SGs induced by Sil (Fige 310E,F).The 293A cells were transfected with EGBE43
N, EGFRCoV2-N, or EGFP contrgltreated with Sil for h at 23hpt, and 824 hpt, cells
were fixed for immunofluorescence microscofnly 40% of cells overexpressing
EGFROC43N formed SGs while 25% of cells overexpressing E&ER2-N formed
SGs, relativéao EGFRexpressing cells treated with Sil (Big 310F).Thus, OC43N is
involved in the SG suppression observed during infection and this function of N is even

more efficient for othe€oVs, like CoV2.
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Figure 3.10Coronavirus N proteins inhibit stress granuk formation downstream of

el F2U ph o s.he893A dels waredransiently transfected with the indicated
EGFRtagged viral protein expression constructs or EGFP control. At 24 h post

transfection cells wertreated with sodium arsenite (+ As)sivestrol (+ Sil.), as

indicated, or left untreated. SG formation was analyzed by immunofluorescence
microscopy with staining for SG marker TIAR (magenta). EGFP expression is shown in
teal . Scal e [elaof BGFRagded frotemsrand the ésduced
phosphorylation of elF2U were analyzed by
cells transfected with EGFRagged OC43 or CoV2 nucleoprotein (EGRPexpression

vectors or control EGFRansfected cell€EGFRpositive cells were isolated using live

cell sorting on BD FACSAria Ill instrume24 hpt and were used for experiment 48h
postsorting( B) Rel ative | evel of el F2U phosphory
guantified from A.(C) Immunofluorescence microscopy of EGRNRransfected, or

control EGFPtransfected cells treated wisfs. (D) Fraction of transfected cells with As

induced SGs quantified from BEX Immunofluorescence microscopy of EGNP

transfected or control EGHRiPansected cells treated witilvestrol. (F) Fraction of

transfected cells witklvestrokinduced SGs quantified from @n all plots each data

point represents independent biological replicht®©3 Error bars = standard deviation.
Two-way ANOVA and Tukey raltiple comparisons tests were done to determine

statistical significance (****, pvalue < 0.0001, *, ywalue < 0.05, ns, nesignificant).
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3.11Coronavirus OC43 Nsp15 does not inhibitstress granuleformation.

Next, | evaluated if viral proteilNsp15 would limit SG formatiorNsp15 is an
endoribonuclease previously reported to liagtivation of antiviral signalling pathways
(Boodhoo et al., 2022)n addition, ecent publicationeave shown that overexpression
of Nsp15 from different CoVancluding IBV, TGEV, SARS, and CoV2, limited SG
formation induced through As treatmé@tao et al., 2021)Thus, | speculated thispl15
from OC43 may also contribute to the limited SG formation observedgd@C43
infection. | transfected 293A cells with EGE&yged OC43Nspl5 (EGFMNsp15) or
EGFP control and 56 prior to lysis or fixation a24 hpt, cells were treated with As for
50 m. Overexpression of EGFRsp15 did not affect SG formation (fige 311A); there
was a slight, but nesignificant, decrease in the level of SG formation in EGISP15
expressing cells compared to EGFP control{fég311B). Lastly, | used western
blottingtouncoveriNNs p15 coul d | i mit the | wanséettedof el F
cells. There was no observable difference
overexpressing EGFRspl15 compared to cells overexpressing EGFRU(Ei§11C).

While Nsp15 from other CoVmiay limit Asinduced SG formation, herein | conclude
that OC43Nspl5does notnhibit SG formation.
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Figure 3.11 Coronavirus OC43 Nsp15 does not inhibistress granuleformation.

293A cells were transiently transfected with EGBE43nspl5(EGFRnspl5)or EGFP

control. At 24 h postransfection cells were treated with sodium arsenite (+ As) or left
untreated. SG formation was analyzed by immunofluorescence microscopy with staining
for SG marker TIAR (magenta). EGFP express
Levels of EGFRagged proteinsandtheAsn duced phosphoryl ation ¢
analyzed by western blo#) Immunofluorescence microscopy of EGNBp15

transfected, ocontrol EGFPtransfected cells treated with A&)(Fraction of transfected

cells with Asinduced SGs quantified from Gach data point represents independent

biological replicate (N=3). Error bars = standard deviation.-Wayg ANOVA and

Tukey multiple conparisons tests were done to determine statistical significance (ns,
nonsignificant).(C) Western blot of OC43 EGHRsp15 transfected or control EGFP

transfected cells treated with As.
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3.12Coronavirus Nspl inhibitsstress granuls and | i phbspherylaionF 2 U

Thus far, | have shown that N of both OC43 and CoV2, but not Nsp15 of OCA43,
are partially responsible for inhibition of SG condensation downstream of translation
arrestindependent from changestothe v el of el F2 Compaisons phor vyl a
between the level of SG inhibition in OGMBtransfected cells and OC4i3fected cells
highlight discrepancies between the magnitude of SG suppressggesting that OC43
virus utilizes additional mechanisms to limit SG formatiomext wanted taest if host
shutoff proteimon-structural protein 1 (Nspl) would limit SG formation. Recent
literature about Nspl of CoV2 has shown tHapl halts host translation by physically
blocking the mRNA entry channel of th@Slribosomal complex as well asopmoting
the degradation of host mMRNAs through the use of an unknown host n8ehabert
et al., 2020; Thoms et al., 2020nportantly, OC43Nspl is also reported to limit host
translation, but its incapable of promoting host RNA degradation like CaN&p1
(Mendez et al., 2021%0, | cotransfected 293A cells with Hfagged Nspl constructs
for OC43 or CoV2which were previously generated in my lalith an EGFP construct
and treated with As for 5@. Co-transfection of the Nspl constructs WiEGFP has
previously been reported to illustrate tmast shutoff and RNA degradatifumction of
Nspl and confirm thahese constructsehave as expectéiflendez et al., 20217t 24
hpt, transfected cells were lysed for western blot analysis. Examination of the GFP
protein expression céinmed that Nspl was functioning as expected yF@g312A).
Specifically, there was a decrease in GFP expression in-Qi€g@Bexpressing cells
compared to cells only transfected with GFP (Feg312A, empty veq, likely due to the
host shutoff functiof OC43Nspl. In CoV2Nspl-expressing cells, there was an even
stronger decrease in GFP expression compare€Cu8Nspltransfected cells or the
empty vectorcontrol this observation is likely attributed to the dual functions of GoV2
Nspl in host shutofindstimulatingRNA degradation. Notably, overexpression of either
OC43Nsp1 or CoV2Nspl resulted in significantdecrease in the level ef | F 2 U
phosphorylation in Ad¢reated and Nspftansfected cells compared to EGFP control
(Figure 312A,B). Importartly, the transfection efficiencies of these experiments range
from406 0 %, so the | evel of el F2U phosphoryl at
| ower than observed here. Given that both
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predicted thaODC43Nspl and CoVaNspl would also limit Asnduced SG formation.
transfected 293A cells with Hfagged Nspl construots an EGFP control and treated
with As 50m-prior to fixation at 2pt. SG formation in transfected cells was analyzed
using immunofliorescene microscopy using TIAR as a SG marker. In either OC43
Nspl or CoV2NspZltransfected cells, there was little SG formation compared+o As
treated and EGFRandected cells (Figre 312C). Interestingly, overexpression of
CoV2-Nspl resulted in amcrease in TIAR nuclear localizatipwhich maycontribute to
the limited SG formation in CoV(RIsplexpressing cells (Fige 312C). Alternatively,
nuclear localization of TIAR mamisrepresent the level of SG formation in CeNgpl
transfected cells, wine TIAR is redistributed away from SGs but they still form within
the g/toplasm To test this, | also analyzed SG formation using G3BP1 as a SG marker. |
transfected 293A cells with EGRBgged Nspl constructs or EGFP control and treated
with As 50m-prior to fixation at 2zpt. Similar to using TIAR as a SG marker,
overexpression of OC4Rspl limited SG formatiomdicated by G3BP-positive foci
(Figure 312B). Analysis of SG formation in CoMsplexpressing cellsevealed low
G3BP1 expression (FRige 312D), resulting in inconclusive observations about the level
of SG formation in transfected cells. Using a third SG marker, G3BP2, | transfected
293A cells with HAtagged Nspl constructs or EGFP control and treated with As 50
prior to fixation at 2 hpt. Again, overgpression of OC43sp1l limited SG formation
while in CoV2NspZlexpressing cells, small G3BR®stive aggregates formed in the
cytoplasm of the transfected cells (fig 312E).Quantification of the number of SGs

per cell showed no sidigant difference between cells expressing Ca&p1l (HA

Nspl) or cells expressing EGFP (kiig 312F), but there was a significant decrease in
the size of SGs ithepresence of Co\tAlspl compared to EGFP (kiige 312F).

Together, Nspl of OC43 repeatedyn hi bi t s SG formation, |i kel
phosphorylation, andlong with OC43N, contributes to the significant SG suppression
observed during OC43 infection. While CoWp1 remodels SG composition through
stimulating redistribution of TIAR tdhe nucleus and degradation of G3BP1.
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Figure 3.12 Coronavirus Nspl inhibitsstressgranuls and | i mits el F2U
phosphorylation. The 293A cells were transiently transfected with the indicated HA

taggedor EGFRtaggedNspl expression constructs or EGFP control. At 24h post

transfection cells were treated with sodium arsenite (+ $6)formation was visualized

by immunofluorescere microscopyande | F2 U p h o s p larmlysed bgvésieran  wa s
blot. (A) Whole cell lysates from transfected cells with or without As were analysed by
westernblot( B) Rel ative | evel of el F2U phosphory
quantifiedfromAEach data point represents iIindepenc
Error bars = standard deviation. Tam@y ANOVA and Tukey multiple comparisons

tests were done to determine statistical significance (***yglue < 0.0001, **, pvalue

< 0.01).(C) Immurofluorescence microscopy staining for TIAR (magenta). GFP signal
incontrolcellsand HA agged Nspl signal are Ohown in t
Immunofluorescence microscopy analysis of cells expressing the indicatedtagifed

Nspl constructs or B& control. SG formation was visualized by staining for G3BP1

(magenta). GFP signal is shown in té&liclear DNA was visualized with Hoechst

(Blue). Arrowhead indicates a representative cell with low G3BP1 signal. Scale bar = 50

¢ m(E) Immunofluorescencmicroscopy analysis of cells expressing the indicated HA

tagged Nspl constructs or EGFP control. SG formation was visualized by staining for

G3BP2 (magenta). GFP signal in control cells andtBigged Nspl signal are shown in

teal. Asterisks indicates apmesentative CoV2 Nspl expressing cell with small SGs.

Scal e bar = 5positieer8G nubej per@dlBrid Average SG size per cell

were guantified in CoV2 HANspZXtransfected cells and control EGERnsfected cells

from E. Each data point repeggs individual cell analysed from 3 independent biological
replicates (21 cells per condition). Error bars = standard deviationidiled Students-t

Test was done to determine statistical significance. (****yadue < 0.0001, ns, nen

significant).
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3.13The RNA degradation function of CoV2Nspl is required for TIAR

redistribution and G3BP1 depletion from stress granules.

The distinctchangedo SG formation in the presence@€43Nsplcompared to
CoV2-Nspl may be related to the differential functions of these two viral profesns.
previously mentioned, both Nsp1 proteingerfere with host protein syntheskswever
only CoV2Nsp1l not OC43Nsp1l,has been shown fmomote RNA degradation
(Mendez et al., 2021Thus | questioned if the RNA degradation function of CeNgp1l
was responsible for the remodeling of SGs previousbenked (Figre 312). | utilized
two CoV2 Nspl amino acid substitution mutants that are defective for mRNA
degradation function but are still able to inhibit host protein synthesis: R9@fNnal
domain mutant (99A) and R124A,K125A linker region doublgant (125A). To
confirm the function of these mutanEGFP expression was analyze®88A cells ce
transfected with one of the four Hi&gged Nspl constructs and EGMRestern blotting
analysis showed a decrease in GFP expression in-Q€dBtransfectd cellsand even
less GFP expression in WT Co\W&splexpressing cells compared to EGFP enly
transfected cells (Fige 313A). GFP expression in cells expressing either Chigga1l
(99A) or CoV2Nspl (125A) only showed a slight decrease in @Kfression (Figre
3.13A), suggesting these mutants cannot decrease GFP expression to the same degree as
WT CoV2-Nspl and that they are deficient in mMRNA degradation fundtorther, only
WT CoV2-Nspl decreased expression of G3BP1, while expressiordibioadl SG
markers G3BP2 and TIAR were unaffected by Nspluilg®13A). To examine if the
MRNA degradation function of Nsp1 affects SG formatR#B8A cells were transfected
with HA-tagged Nspl constructs or EGFP contir@ated with As for 5@n, and $
formation was visualized using TIAfigure 313B) or G3BP2 and TIA (Figure
3.13C) All Nsp1s limited SG formation to various degréEgure 313D). Using TIAR
as a SG marker, WT CoWdspl was most efficient at limiting SG formatjamth less
than 306 of transfected cells forming SGs (kg 313B,D). Although, the level of SG
formation significantly increased in the presence of either @¥%21 mutant compared
to WT CoV2Nspl (Figire 313B,D). Strikingly, nuclear localization of TIAR was only
increagd during overexpression of WT Co\R&spl and not overexpression of either
CoV2 Nspl mutangFigure 313B). This observation indicates that the level of SG
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inhibition by WT CoV2Nspl is inflated when using TIAR as a marker of SG formation.
In contrast, théevel of SG formation was significantly higher in WT CoW2pl

expressing cells when G3BP2 was used as the SG megdkepared to TIAR, while

there was little change to the magnitude of SG formation in the presence of the two
mutant CoV2Nspls or OC4dNsplbetween SG marke(figure 313C,D).Further,

TIA-1 staining resembled similar localization patterning as TIAR; overexpression of WT
CoV2-Nspl promoted nuclear localization of FIA TIAR and TIA1 are related SG
proteins and similar rdistribution to the nucleus by WT CoM2spl suggests that
commonaspect of these proteins is taggdy WT CoV2Nspl. Additionally, |

examined the RNA levels of multiple SG proteins as well as housekeeping gene ACTB
( fActin) using RFgPCR. WT CoV2Nspl significantly degraded G3BP1, G3BP2, and
ACTB RNA levds, while TIAR RNA levels were significantly increased (frig 313E).

The degradation of G3BP1 RNA by WT CoN\Bplalso explains the decrease in

G3BP1 protein expression, and the lack of SGs, previously observed in &P
Nsplexpressing cells (Fige3.12D). Together ltese observations implicate the mRNA
degradation function of CoVVRIsp1 inboth the degradation of G3BP1 and the
localizationof TIAR to the nucleus. These functions@fV2-Nspl specifically target

key SG proteins and highlight additidmaechanisms of hoWwoVsproteins interfere

with SG formation.
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