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ABSTRACT 

Coronaviruses (CoVs) are a family of viruses that circulate in human populations 

causing mild common colds as well as severe and fatal respiratory disease. Stress 

granules (SGs) are cytoplasmic condensates that often form as part of the cellular 

antiviral response. Despite growing interest in SGs and other biological condensates, the 

role of SG formation during CoV infection is poorly understood. In this work, I analyzed 

SG formation during infection of the human common cold CoV OC43. Little SG 

formation was observed in infected cells and OC43 inhibited SG formation induced by 

exogenous stress (e.g. sodium arsenite or silvestrol treatment). Furthermore, OC43 

inhibited phosphorylation of eukaryotic initiation factor 2Ŭ (eIF2Ŭ) ï the hallmark of 

translation inhibition induced by integrated stress response (ISR). Inhibition of eIF2Ŭ 

phosphorylation by OC43 was unaffected by treatment with the integrated stress response 

inhibitor (ISRIB) or knockdown of GADD34, suggesting that OC43 can limit eIF2Ŭ 

phosphorylation independently from activation of the ISR or upregulation of GADD34. 

Further, GADD34 knockdown decreased OC43 replication. Upon ectopic 

overexpression, the nucleocapsid (N) and non-structural protein 1 (Nsp1) from both 

OC43 and the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) inhibited 

SG formation. Furthermore, SARS-CoV2 Nsp1 expression resulted in depletion of 

G3BP1 protein ï the master regulator of SG formation. This phenotype was dependent on 

Nsp1-mediated depletion of cytoplasmic mRNAs, which was also associated with nuclear 

retention of TIAR, another SG-nucleating protein. To test the role of G3BP1 in CoV 

replication, we infected cells overexpressing EGFP-tagged G3BP1 with OC43 and 

observed a significant decrease in infection compared to parental or control 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 SARS-CoV2 suggests that SG formation may represent an important antiviral 

host defense that CoVs target to ensure efficient replication. 
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CHAPTER 1: INTRODUCTION  

1.1 Coronaviruses  

Coronaviruses (CoVs) are a family of enveloped single-stranded positive-sense 

RNA viruses (Vôkovski et al., 2021). There are seven CoVs known to circulate in human 

populations, presenting as common colds to more severe, and sometimes fatal, respiratory 

disease (Vôkovski et al., 2021). Common cold human coronaviruses (HCoVs) include 

HCoV-OC43 (OC43) and HCoV-229E, which have been reported to circulate in human 

populations for decades, as well as more recently identified HCoV-NL63 and HCoV-

HKU1 (Vôkovski et al., 2021). More pathogenic CoVs have entered human populations 

due to spillover from zoonotic sources. This group includes severe acute respiratory 

syndrome coronavirus (SARS-CoV) which emerged in 2002 as well as Middle Eastern 

respiratory syndrome coronavirus (MERS-CoV) which emerged in 2011 (Hartenian et al., 

2020). The most recent pathogenic CoV is SARS-CoV2 (CoV2); this virus emerged in 

2019 from Wuhan, China and is the cause of the devastating pandemic of coronavirus 

disease 2019 (COVID-19). To date, there are over 550 million cases of COVID-19 

worldwide, accounting for 6.3 million deaths globally (July 5th, 2022) (COVID-19 Map, 

2022).  

1.2 Coronavirus genome and host detection 

Within the Coronaviridae family lies the subfamily Coronavirinae which houses 

four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and 

Deltacoronavirus (Vôkovski et al., 2021). The three recently emerged severe CoVs as 

well as OC43 and HCoV-HKU1 belong to the Betacoronavirus genera (Hartenian et al., 

2020). Betacoronaviruses have a 30 kilobase RNA genome with a large open reading 

frame (ORF), ORF1ab (Hartenian et al., 2020). ORF1ab encodes a polyprotein which is 

proteolytically processed by viral enzymes Nsp3 papain-like proteinase (PLpro) and 

Nsp5 3C-like proteinase (3CLpro) (Hartenian et al., 2020; Ziebuhr et al., 2000). Viral 

processing of the polyprotein releases the remaining non-structural proteins (Nsps) which 

function in viral replication and transcription as well as evasion of host antiviral 

responses (Hartenian et al., 2020; Vôkovski et al., 2021). Assembly of the viral RNA-

dependent RNA polymerase then generates subgenomic mRNAs which encode accessory 
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ORFs and the structural proteins (Brian & Baric, 2005; Hartenian et al., 2020). These 

accessory ORFs have been shown to vary greatly between CoV groups and some 

accessory proteins have been reported to limit interferon (IFN) responses (Vôkovski et al., 

2021). The structural proteins include membrane (M) and envelope (E) which are 

responsible for viral particle formation, nucleocapsid (N) which is an RNA-binding 

protein that coats the viral genome, and spike (S) that is a receptor glycoprotein that binds 

the host cell receptor to mediate viral entry (Hartenian et al., 2020; Vôkovski et al., 2021). 

OC43 S binds sialic acid that is abundant on the surface of most cell types (Künkel & 

Herrler, 1993), while SARS-CoV and CoV2 S bind angiotensin converting enzyme 2 

(ACE2) on the surface of the host cell (Hoffmann et al., 2020; W. Li et al., 2003). 

After entry into the host cell, CoVs uncoat and deliver their genome to the 

cytoplasm. Like many RNA viruses, CoVs must utilize host translation machinery to 

facilitate viral protein production. To shift translation to viral mRNAs instead of host 

mRNAs, CoVs utilize host shutoff protein Nsp1 (Narayanan et al., 2015). Nsp1 is able to 

inhibit host translation by outcompeting host mRNAs for the 40S ribosome; cryogenic 

electron microscopy analysis of Nsp1 in complex with the 40S ribosome revealed that 

Nsp1 binds the mRNA entry channel, blocking host mRNAs from entering the ribosome, 

and preventing translation initiation (Boriġek et al., 2021; Narayanan et al., 2015). Nsp1 

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 ribosome (Narayanan et al., 

2015; Schubert et al., 2020). Importantly, Nsp1 does not block translation of viral 

mRNAs. The 5ô untranslated region (UTR) of CoV mRNA contains secondary structures 

including stem loops (SL). The first SL, SL1 specifically, has been shown to confer 

protection to mRNAs from Nsp1 induced degradation and translation block (Banerjee et 

al., 2020; Vora et al., 2022).  

Upon successful translation of viral mRNAs, Nsps involved in viral replication 

and transcription are expressed. Multiple Nsps will remodel the endoplasmic reticulum 

(ER), creating convoluted membranes and double membrane vesicles (Hartenian et al., 

2020). CoV replication occurs in these highly modified membranes and replication of the 

viral genome can generate double-stranded RNA (dsRNA) intermediates (Hartenian et 
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al., 2020). Leakage of these dsRNA products into the cytoplasm can then activate 

cytoplasmic immune sensors, including retinoic acid-inducible gene I (RIG-I), melanoma 

differentiation-associated gene 5 (MDA5), and dsRNA-activated protein kinase (PKR) 

(Rehwinkel & Gack, 2020). RIG-1 is activated by 5ô-triphosphate groups of single-

stranded RNA (ssRNA) while MDA5 and PKR are activated by dsRNA (Rehwinkel & 

Gack, 2020). These cytosolic sensors activate a downstream signalling cascade resulting 

in the activation of transcription factors interferon regulatory factor 3 (IRF3), IRF7, and 

nuclear factor kappa light chain enhancer of activated B cells (NF-əB), promoting 

induction of type I and type III IFNs (Rehwinkel & Gack, 2020). Further, detection of 

dsRNA by PKR also activates the integrated stress response (ISR) which halts host 

translation and results in the formation of stress granules (SGs). 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: During initiation of host translation, the 43S small ribosomal subunit 

complex is recruited to mRNA. This complex includes the eIF2ïGTPïMet-tRNAMeti 

ternary complex and upon recognition of the initiation codon, eIF2-GTP is hydrolysed to 

eIF2-GDP and is released. The guanine exchange factor activity of eIF2B promotes the 

conversion of eIF2-GDP for eIF2-GTP, which can be used for the translation of 

additional mRNAs. Recycling of the ternary complex is inhibited when eIF2Ŭ is 

phosphorylated, because phosphorylated eIF2Ŭ binds tightly with eIF2B preventing the 

exchange of eIF2-GDP for eIF2-GTP. Phosphorylation of eIF2Ŭ: The translation factor 

eIF2Ŭ can be phosphorylated in response to various types of stress by four different 

kinases: haeme-regulated inhibitor (HRI), general control non-derepressible protein 2 

(GCN2), double-stranded RNA (dsRNA)-activated protein kinase (PKR) and PKR-like 

endoplasmic reticulum (ER) kinase (PERK). Following phosphorylation of eIF2Ŭ, eIF2 is 

unable to exchange GDP for GTP, halting host translation and resulting in polysome 

disassembly. Translation inhibition: Translation inhibition can occur through 

phosphorylation of eIF2Ŭ or interference with the eIF4F complex. The eIF4F complex is 

composed of the RNA helicase eIF4A, cap-binding protein eIF4E, and scaffold protein 

eIF4G which bridges poly(A)-binding protein (PABP) to eIF4E and eIF4A. Silvestrol 

treatment interferes with eIF4A function, leaving eIF4A attached to the mRNA and 

preventing mRNA scanning. This mechanism also halts host translation and results in the 

release of polysomes. Stress granule nucleation: Many translation factors are then bound 

by SG-nucleating proteins like Ras-GTPase-activating protein SH3 domain-binding 

protein 1 (G3BP1) and T-cell intracellular antigen 1-related protein (TIAR), which 

promotes the aggregation of additional RNA-binding proteins. This SG nucleation seeds 

the formation of larger dynamic SGs. Stress granules: Stress granule nucleation promotes 

the formation of SGs composed of various RNA molecules, translation factors, and 

immune signalling proteins. The integrated stress response: The phosphorylation of eIF2Ŭ 

is also an important step in the ISR. The decrease in active eIF2ïGTPïMet-tRNAMeti 

ternary complexes increases uORF skipping which promotes expression of transcription 

factor activating transcription factor 4 (ATF4). ATF4 translocates to the nucleus to 

promote transcription of target genes, including growth arrest and DNA damage-
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inducible protein 34 (GADD34). GADD34 mRNA 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 dephosphorylate eIF2Ŭ. The dephosphorylation of 

eIF2Ŭ allows eIF2-GDP to be exchanged for eIF2-GTP and translation resumes. Adapted 

from (McCormick & Khaperskyy, 2017). 

1.3 Stress granule formation and eIF2Ŭ phosphorylation 

 SGs are aggregates of messenger ribonucleoproteins (mRNPs), RNA, and 

translation factors, among other proteins (N. Kedersha et al., 2002; N. L. Kedersha et al., 

1999). SGs primarily form through the phosphorylation of translation initiation factor 

eIF2Ŭ (N. Kedersha et al., 2002; Tourrière et al., 2003) which is the integration point of 

the ISR (Jousse et al., 2003). There are four kinases which phosphorylate eIF2Ŭ that are 

activated by their respective activators (N. Kedersha et al., 2002, 2013): dsRNA-activated 

protein kinase (PKR) is activated by dsRNA (García et al., 2007a); PKR-like 

endoplasmic reticulum kinase (PERK) is activated by ER stress (Harding et al., 1999; 

Harding, Zhang, et al., 2000); heme-regulated inhibitor (HRI) kinase is activated by 

oxidative stress and heat shock (Han et al., 2001); and general control nonderepressible 2 

(GCN2) kinase is activated by UV light and amino acid starvation (P. Zhang et al., 2002). 

Following kinase activation, eIF2Ŭ is phosphorylated and translation initiation is 

inhibited (Jackson et al., 2010; McCormick & Khaperskyy, 2017). During translation 

initiation, the eIF2ïGTPïMet-tRNAMeti ternary complex is formed, which is a part of the 

43S pre-initiation complex (Jackson et al., 2010). Recycling of the ternary complex 

requires the exchange of GDP for GTP on eIF2 (Jackson et al., 2010); eIF2B is a guanine 

exchange factor responsible for this exchange (Jackson et al., 2010). However, when 

eIF2Ŭ is phosphorylated, it binds tightly with eIF2B, preventing the recycling of GDP for 

GTP and stalling translation (Jackson et al., 2010). This halt on host translation creates an 

accumulation of untranslated mRNPs which are key components of SGs and involved in 

the initial nucleation of SGs (N. Kedersha et al., 2002; McCormick & Khaperskyy, 

2017). This nucleation is mediated primarily by Ras-GTPase-activating protein SH3 

domain-binding protein 1 (G3BP1), G3BP2, T-cell intracellular antigen 1 (TIA-1), and 
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TIA-1-related protein (TIAR), with participation of other factors (N. Kedersha et al., 

2013; Protter & Parker, 2016).  

1.4 Stress granule nucleation 

G3BP1 is recruited to SGs and promotes recruitment of other proteins and RNAs 

(N. Kedersha et al., 2013; Tourrière et al., 2003). In addition, G3BP1 can mediate SG 

formation; overexpression of G3BP1 has been reported to induce SG formation in the 

absence of exogenous stressors (Tourrière et al., 2003). G3BP2, an isoform of G3BP1, 

has also been shown to promote SG formation (Matsuki et al., 2013). Both G3BP1 and 

G3BP2 contain N-terminal nuclear transport factor 2 (NTF2) domains which can interact 

with other proteins to regulate SG formation; for example, binding to cell cycle 

associated protein 1 (Caprin1) promotes SG formation while binding to ubiquitin specific 

peptidase 10 (USP10) suppresses SG formation (N. Kedersha et al., 2016a; Matsuki et al., 

2013). In addition, G3BP1 and G3BP2 contain C-terminal arginine-glycine-glycine 

(RGG) domains, important for interaction with the 40S ribosomal subunit, which is 

crucial for SG formation (N. Kedersha et al., 2016a). In addition to G3BP1 and G3BP2, 

there are other nucleators of SGs. TIAR and TIA-1, two closely related proteins, were 

two of the first RNA-binding proteins identified to initiate formation of and localize to 

SGs (N. L. Kedersha et al., 1999). These proteins were first reported to cause DNA 

damage in thymocytes, but have since been shown to act as major regulators of SGs, 

containing multiple RNA recognition motifs (RRMs) which promote the recruitment of 

RNA and proteins to SGs (N. L. Kedersha et al., 1999).  

After the initial nucleation of SGs, SGs begin to grow because of many protein-

protein and protein-RNA interactions (Jain et al., 2016; Protter & Parker, 2016). These 

interactions are largely mediated through intrinsically disordered and low complexity 

(ID/LC) domains (Protter & Parker, 2016); SG nucleating proteins like G3BP1 and TIA-

1 contain ID/LC domains which contribute to the maturation of SGs (Gilks et al., 2004; 

P. Yang et al., 2020). Once the level of accumulated RNA and proteins reaches a critical 

threshold, they phase separate to form SGs (Jain et al., 2016). Phase separation is an 

event when a group of molecules, like RNA and proteins, forms a network of multiple 
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weak multivalent interactions to a point where these molecules concentrate into a 

separate phase (Protter & Parker, 2016).  

Following phase separation, SGs are thought to exist as a stable core surrounded 

by a fluid outer shell (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 nature of SGs (Jain et 

al., 2016). This dynamic nature of SGs also greatly influences SG composition. While 

multiple core SG proteins have been identified, the composition of SGs is varied and 

accounts for many different proteins involved in many cellular pathways. In fact, the 

composition of SGs was found to depend upon the stressor that induced its formation 

(Aulas et al., 2017). Thus, these foci act as a cytoplasmic hub in which proteins and RNA 

molecules can enter, exit, and interact with one another.  

1.5 SG function  

           Given the highly dynamic nature and varied composition of SGs, the precise 

function of SGs has been difficult to determine and remains unknown. Our current 

understanding is that SGs function as areas of mRNA triage during cellular stress, where 

SGs help determine the fate of certain mRNAs (Protter & Parker, 2016). SG-localized 

mRNAs may be stored and protected in SGs until the cellular stress is absent and these 

mRNAs can be released to the cytoplasm and translated. In addition, these mRNAs may 

be directed from SGs to P-bodies, another biological condensate independent from SGs, 

where mRNA decay machinery in P-bodies can promote degradation of mRNAs (Protter 

& Parker, 2016). SG formation has also been tied to cell survival; cells that do not form 

SGs are more sensitive to stress, suggesting that SG formation is cytoprotective (N. 

Kedersha et al., 2013). Conversely, prolonged SG formation can have negative impacts as 

well. Mutations in SG RNA-binding proteins, like TIA-1 or TAR DNA-binding protein 

43 (TDP-43), and persistent aggregate formation in neurons is thought to contribute to 

neuronal cell death in neurodegenerative and muscular degenerative diseases, like 

amyotrophic lateral sclerosis (ALS) or frontotemporal dementia (FTD) (Protter & Parker, 

2016). Thus, a possible model for SG function suggests that 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, SGs promote cell death. 
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1.6 SG dissolution 

As a cytoplasmic hub for proteins and RNA, SGs can store these molecules 

during cellular stress. However, it is important for SGs to dissolve following the removal 

of stress so mRNAs can resume translation and SG-localized proteins can return to their 

SG-independent functions. The primary method of SG dissolution is through the 

autophagy pathway, sometimes termed granulophagy (Buchan et al., 2013). Mutations in 

autophagy proteins valosin-containing 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 autophagy machinery is crucial for SG 

clearance (Buchan et al., 2013). Regulation of SG clearance by autophagy was also 

linked to the dual specificity tyrosine phosphorylation regulated kinase 3 (DYRK3) and 

heat shock protein 90 (Hsp90) (Mediani et al., 2021; Wippich et al., 2013). Hsp90 can 

bind and stabilize DYRK3, and active DYRK3 can phosphorylate and inactivate proline-

rich AKT substrate of 40 kDa (PRAS40) (Mediani et al., 2021); PRAS40 is an inhibitor 

of mammalian target of rapamycin complex 1 (mTORC1) and inactivation of PRAS40 

restores mTORC1 signalling (Wippich et al., 2013). The mTORC1 complex is a major 

regulator of cellular metabolism and it promotes the translation of mRNAs encoding 

proteins involved in many different cellular processes. Activation of mTORC1, through 

DYRK3-mediated inactivation of mTORC1 inhibitor PRAS40, promotes SG disassembly 

and resumes translation (Mediani et al., 2021; Wippich et al., 2013).  

1.7 Dephosphorylation of eIF2Ŭ 

Following sustained phosphorylation of eIF2Ŭ and translation arrest, there is 

induction of downstream genes involved in the ISR. The lack of active ternary complexes 

increases leaky scanning, or upstream open reading frame (uORF) bypass by the 48S 

preinitiation complex which in turn promotes translation of downstream ORFs (Jackson 

et al., 2010). One of these downstream ORFs encodes activating transcription factor 4 

(ATF4) (Jackson et al., 2010); this transcription factor can promote expression of 

additional downstream ORFs, such as C/EBP homologous protein (CHOP) and growth 

arrest and DNA damage-inducible protein 34 (GADD34) (Harding, Novoa, et al., 2000; 

Jackson et al., 2010). Expression of GADD34 (a.k.a. protein phosphatase 1 regulatory 
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subunit 15A, PPP1R15A) has been linked to dephosphorylation of eIF2Ŭ and it was later 

shown that GADD34 binds both eIF2Ŭ and protein phosphatase 1 (PP1), bridging these 

two proteins and facilitating the dephosphorylation of eIF2Ŭ (Choy et al., 2015; Rojas et 

al., 2015). Shortly after, another protein capable of decreasing levels of eIF2Ŭ 

phosphorylation was identified (Jousse et al., 2003). The PP1-binding domain of 

GADD34 was highly conserved in the C-terminus of this protein and it was named 

constitutive repressor of eIF2Ŭ phosphorylation (CReP) (Jousse et al., 2003). CReP 

(a.k.a. protein phosphatase 1 regulatory subunit 15B, PPP1R15B) is consistently 

expressed within the cell to maintain basal levels of dephosphorylated eIF2Ŭ (Jousse et 

al., 2003; Kastan et al., 2020).  

1.8 Stress granule formation independent of eIF2Ŭ phosphorylation 

Independently from the phosphorylation of eIF2Ŭ, SGs can also form when 

translation is inhibited through interference with the eIF4F complex. The eIF4F complex 

comprises eIF4E which binds the 5ômethyl-cap, eIF4A which is an RNA helicase 

responsible for unwinding secondary RNA structures to promote scanning of the mRNA, 

and eIF4G which connects eIF4E, eIF4A, and poly(A)-binding protein (PABP) bound to 

the poly-adenylated tail of the mRNA (Jackson et al., 2010). Silvestrol (Sil.) is a 

rocaglate derived from the Aglaia plant, previously shown to interfere with the function 

of eIF4A (Chu et al., 2016). Treatment with Sil. results in translation inhibition, without 

the phosphorylation of eIF2Ŭ, and subsequent SG formation (Slaine et al., 2017).  

1.9 Stress granules and the antiviral response 

Regardless of how SGs form, they have been shown to recruit antiviral signalling 

molecules and it is speculated that SGs can act as a platform to facilitate the activation of 

antiviral responses. Innate immune sensors like RIG-I, MDA5, PKR, tripartite motif 

containing 25 (TRIM25), RNase L, and 2ǋ-5ǋ oligoadenylate synthetases (OAS) have all 

been shown to localize to SGs (Langereis et al., 2013; Manivannan et al., 2020; Onomoto 

et al., 2012; Sánchez-Aparicio et al., 2017). In addition, SG-nucleating proteins have 

been linked to antiviral signalling responses. G3BP1 can recruit inactive PKR to SGs, 

where PKR is subsequently activated and released into the cytosol to induce IFN 

production (Reineke et al., 2015; Reineke & Lloyd, 2015). In addition, overexpression of 
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G3BP1 and increasing formation of SGs has been correlated with increasing activation of 

NF-əB (Reineke & Lloyd, 2015). Further, G3BP1 has been shown to interact with RIG-I 

and antagonize its degradation as well as promote RIG-I-mediated IFNɓ production (Kim 

et al., 2019; W. Yang et al., 2019). Additionally, DEAD-box helicase 3 (DDX3), a core 

SG protein, has been shown to limit influenza A virus (IAV ) infection. Knock down of 

this protein prevented SG formation in virus-infected cells and increased viral titers 

(Thulasi Raman et al., 2016), but in DDX3-expressing cells, SG induction and IFNɓ 

production were both increased in response to IAV infection (Kesavardhana et al., 2021).  

The idea that SGs are antiviral is further supported by the fact that many viruses 

have evolved to suppress SG formation. Viruses, including Chikungunya virus, Zika 

virus, Japanese encephalitis virus, and Semliki Forest virus, have been reported to 

sequester SG proteins, like G3BP1 and Caprin1, to replication complexes, thereby 

limiting SG formation and promoting viral replication (Fros et al., 2012; Hou et al., 

2017b; Katoh et al., 2013; Panas et al., 2012). Sequestration of SG proteins is often 

mediated by viral proteins, but binding of SG proteins to viral RNA, like the viral RNA 

of Tick-borne encephalitis virus, West Nile virus, or Dengue virus, has also been reported 

to re-localize SG proteins and limit SG formation (Albornoz et al., 2014; Emara & 

Brinton, 2007). In addition, some viruses will cleave SG proteins to inhibit SGs (Visser et 

al., 2019; White et al., 2007); for example, the 3C protease of polio virus cleaves G3BP1 

and eIF4G, limit ing SG formation (White et al., 2007). Viruses have also been reported to 

antagonize SG formation and maintain translation through interference with eIF2Ŭ 

kinases. Both the NS1 protein of IAV and the virion host shutoff (vhs) protein of herpes 

simplex virus (HSV) will inactivate PKR, limiting eIF2Ŭ phosphorylation in response to 

viral infection, and preventing SG formation (Dauber et al., 2016; Khaperskyy et al., 

2014). Viruses also encode multiple strategies to prevent SG formation, like IAV 

(Khaperskyy et al., 2012, 2014), HSV (Dauber et al., 2016; Y. Li et al., 2011), and Zika 

virus (Hou et al., 2017a) to name a few. Given the limited coding capacity of viral 

genomes and the redundant functions of these viral proteins, it suggests that limited SG 

formation is crucial for efficient viral replication. 
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1.10 Coronaviruses and stress granules  

For CoVs, the relationship between SG formation and viral infection remains 

unclear. Some CoVs inhibit SG formation: both MERS and Gammacoronavirus 

infectious bronchitis virus (IBV) attenuate PKR activation to limit eIF2Ŭ phosphorylation 

and SG formation (Brownsword et al., 2020; Gao et al., 2021; Nakagawa et al., 2018; 

Rabouw et al., 2016). While other CoVs induce SG formation: SGs form during 

transmissible gastroenteritis virus (TGEV) infection and are thought to play a role in 

post-transcriptional regulation of the viral genome (Sola et al., 2011).  

With the resurgence of CoV research due to the COVID-19 pandemic, novel roles 

of CoVs proteins have been proposed in relation to SG formation. The N protein of CoV2 

has been proposed to interfere with SG formation (Cascarina & Ross, 2020) and this idea 

has been strengthened by recent publications showing CoV2 binds to SG proteins G3BP1 

and G3BP2 in multiple proteomics studies (Gordon et al., 2020; J. Li et al., 2021; Nabeel-

Shah et al., 2022). For the virus, N is important for coating and protecting the viral 

mRNA. Because of this intrinsic function of N, it is built to self-oligomerize and to bind 

mRNA, and it has been shown to phase separate in the presence of RNA (Savastano et 

al., 2020; J. Wang et al., 2021). These are all similar characteristics as common SG 

proteins. Thus, it is possible that N can sequester key SG proteins away from SGs and 

interfere with SG formation. 

Furthermore, previous publications have investigated the role of Nsp15 in limiting 

SG formation (Gao et al., 2021). Nsp15 is a conserved endoribonuclease that targets 

polyuridine stretches and is thought to promote viral evasion of host immune detection 

(Hartenian et al., 2020). Previously, Nsp15 has also been shown to limit SG formation 

during IBV infection (Gao et al., 2021). Infection with recombinant IBV that encodes a 

catalytically inactive Nsp15 increased the level of SG formation in IBV-infected cells and 

resulted in a loss of the SG inhibitory function of IBV. This coincided with increased 

PKR activation, IRF3 signalling, and IFN-ɓ mRNA, suggesting that Nsp15 functions to 

limit SG formation and antiviral immune signalling by limiting detection of viral mRNA 

by PKR (Gao et al., 2021). While 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 factor Nsp1 which has also been shown 

to limit IFN induction (Kumar et al., 2021; Narayanan et al., 2008). Nsp1 interferes with 

IFN induction by blocking host translation and inducing the degradation of cellular 

mRNAs (Narayanan et al., 2015; Schubert et al., 2020). In addition to binding the 40S 

ribosome to block host translation, Nsp1 has also been shown to bind other host proteins, 

including translation initiation factors as well as SG proteins G3BP1, G3BP2, and eIF4G 

(Gerassimovich et al., 2021). In fact, one publication found that ectopic overexpression of 

SARS Nsp1 resulted in localization of Nsp1 to As-induced SGs where Nsp1 disrupted 

SG maturation and altered SG composition (Gerassimovich et al., 2021). Whether this 

function of Nsp1 is conserved in other CoVs and how Nsp1 can interfere with SG 

formation is still unclear.  

1.11 Rationale and objectives 

Given the questionable role of SGs during CoV infection and the growing 

literature suggesting that CoV gene products can interfere with SG formation, my project 

has been focusing on the modulation of SG responses by CoVs. Using Betacoronavirus 

OC43 as an infection model along with overexpression of viral proteins from both OC43 

and CoV2, I aim to clarify the relationship between SG formation and CoV infection. 

Initial results for this project revealed that OC43 infection inhibits SG formation and 

eIF2Ŭ phosphorylation. Further, overexpression of viral proteins OC43-Nsp1 and CoV2-

Nsp1 limited SG formation. Therefore, my objectives for this project include: 1) To 

identify the mechanism of OC43-mediated inhibition of eIF2Ŭ phosphorylation; and 2) 

To characterize the functional differences of coronavirus Nsp1 proteins in modulating 

stress granule formation.              
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CHAPTER 2: MATERIAL AND METHODS  

2.1 Cells 

Human embryonic kidney (HEK) 293A and 293T cells, human colon 

adenocarcinoma (HCT-8) cells, and green monkey kidney (Vero) cells were cultured in 

Dulbecco's modified Eagle's medium (DMEM) supplemented with heat-inactivated 10% 

fetal bovine serum (FBS), and 2 mM L-glutamine (all purchased from Thermo Fisher 

Scientific (Thermo), Waltham, MA, USA). BEAS-2B 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 

I, and 0.01 mg/mL bovine serum albumin (BSA) (all from Millipore Sigma, Oakville, 

ON, Canada) dissolved in Basal Epithelial Cell Growth Medium (BEBM, Lonza)). The 

293A, 293T, Vero, and BEAS-2B cells were purchased from American Type Culture 

Collection (ATCC, Manassas, VA, USA), and the HCT-8 cells were purchased from 

Millipore Sigma. 

2.2 Viruses 

OC43 was purchased from ATCC. To generate initial virus stocks, Vero cells 

(ATCC) were infected at multiplicity of infection (MOI) <0.1 for 1 h in serum-free 

DMEM at 37°C following replacement of the inoculum with DMEM supplemented with 

1% FBS + 0.5% BSA and continued incubation at 33 °C. Once cytopathic effects (CPE) 

reached 75% at 4-5 days post-infection, the viral supernatant was harvested, centrifuged 

at 2,500 x g for 5 min, and then the cleared viral supernatant was aliquoted and stored at -

80 °C. Stocks were titered by plaque assay on Vero cells. After initial experiments and 

the discovery that OC43 grows efficiently in 293A cells, 293A cells were infected with 

OC43 to generate later virus stocks. The 293A cells were infected at MOI <0.1 for 1 h in 

serum-free DMEM at 37 °C following replacement of the inoculum with DMEM 

supplemented with 1% FBS + 0.5% BSA and continued incubation at 37 °C. At 48 hours 

post infection (hpi), the viral supernatant was harvested, centrifuged at 2,500 x g for 5 

min, and then the cleared viral supernatant was aliquoted and stored at -80 °C. Stocks 

were titered by foci-forming unit assay on 293A cells. 
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2.3 Plasmids and lentivirus stocks 

CoV2 and OC43 N, Nsp1, and Nsp15 ORFs were amplified using polymerase 

chain reaction (PCR) from cDNAs generated from total RNA of infected Vero cells 

collected at 24 hpi using specific primers with simultaneous introduction of flanking 

restriction sites. Then, coding sequences were inserted between EcoRI and XhoI sites into 

pCR3.1-EGFP vector (Khaperskyy et al., 2016) to generate pCR3.1-EGFP-OC43-N, 

pCR3.1-EGFP-CoV2-N, pCR3.1-EGFP-OC43-Nsp1, pCR3.1-EGFP-CoV2-Nsp1, and 

pCR3.1-EGFP-OC43-Nsp15 plasmids. To generate N-terminally HA-tagged Nsp1 

constructs, coding sequences were inserted between KpnI and XhoI sites into 3xHA-

miniTurbo-NLS_pCDNA3 vector (a gift from Alice Ting, Addgene plasmid # 107172) to 

generate pCDNA3-HA-OC43-Nsp1 and pCDNA3-HA-CoV2-Nsp1 vectors (miniTurbo-

NLS coding sequence was replaced by Nsp1 sequences). Amino acid substitutions in 

pCDNA3-HA-CoV2-Nsp1 vector were introduced using Phusion PCR mutagenesis (New 

England Biolabs) to generate pCDNA-HA-CoV2-Nsp1(R99A) and pCDNA-HA-CoV2-

Nsp1(R124A,K125A) vectors. To generate lentivirus vectors pLJM1-EGFP-BSD and 

pLJM1-EGFP-G3BP1-BSD, the PCR-amplified EGFP and G3BP1 coding sequences 

were inserted into the multicloning site of pLJM1-B* vector (71). All constructs were 

verified by Sanger sequencing, sequences are available upon request. To generate 

lentivirus stocks, HEK 293T cells (ATCC) were reverse-transfected with 

polyethylenimine (PEI, Polysciences, Warrington, PA, USA) and the following plasmids 

for lentiviral generation: pLJM1-B* backbone-based constructs, pMD2.G, and psPAX2. 

pMD2.G and psPAX2 are gifts from Didier Trono (Addgene plasmids #12259 and 

#12260). At 48 h post-transfection, lentivirus containing supernatants were passed 

through a 0.45 ɛM filter and frozen at -80 C.  

2.4 Generation of stably transduced cell lines 

To generate 293A[EGFP] and 293A[EGFP-G3BP1] cells, 293A cells were 

transduced with lentiviruses produced from pLJM1-EGFP-BSD and pLJM1-EGFP-

G3BP1-BSD vectors and at passage 3 post-transduction, EGFP-positive cells were 

isolated using live cell sorting on BD FACSAria III instrument, cultured, and used for 

experiments at passage 5 to 6. 
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2.5 Cell treatments 

For SG induction, sodium arsenite (As; Millipore Sigma) was added to the media 

to a final concentration of 500 µM and cells were returned to 37 C incubator 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 to 37 C incubator for 1 

h. To induce eIF2Ŭ phosphorylation, thapsigargin (Tg; Sigma) was added to the media to 

a final concentration of 1 µM and cells were returned to 37 C incubator for 1 h; cells 

were transfected with 1 µg Polyinosinic:polycytidylic acid (poly I:C; Thermo) and cells 

were returned to 37 C incubator for 2 h; or cells were washed briefly with phosphate-

buffered saline (PBS) and exposed to 20 mJ/cm2 ultraviolet light (254 nm, UVC) in a 

HL-2000 Hybrilinker chamber (UVP) and cells were returned to 37 C incubator for 2 h. 

To induce GADD34, Tg (Sigma) was added to the media to a final concentration of 1 µM 

and cells were returned to 37 C incubator for 4 h. To inhibit the integrated stress 

response, integrated stress response inhibitor (ISRIB; Sigma) was added to the media to a 

final concentration of 200 nM and cells were returned to 37 C incubator for 23 h. To test 

6-Thioguanine (6-TG) for potential SG induction, 6-TG (Sigma) was added to the media 

to a final concentration of 10 µM and cells were returned to 37 C incubator for 4 h or 20 

h.  

2.6 Virus infections 

Cell monolayers grown in 20-mm wells of 12-well cluster dishes with or without 

glass coverslips were washed briefly with PBS and 300 µl of virus inoculum diluted to 

the calculated MOI = 1.0 in 1% FBS DMEM was added. MOI was calculated based on 

titering in 293A cells and this calculation was used for infection of 293A, BEAS2B, and 

HCT-8 cells. Cells were placed at 37 °C for 1 h, 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 to 37 °C 

until the specified time post-infection. 

 

 



17 
 

2.7 Transfection 

The 293A cells were seeded into 20-mm wells of 12-well cluster dishes with or 

without glass coverslips and the next day transfected with 500 ng DNA mixes/well 

containing expression vectors (250 ng) and pUC19 filler DNA (250 ng) using Fugene HD 

(Promega, Madison, WI, USA) according to manufacturerôs protocol. Where indicated, 

the amount of filler DNA was reduced to 150 ng and 100 ng of the pCR3.1-EGFP 

plasmid was co-transfected with expression vectors for Nsp1 proteins. Cells were used 

for experiments 23-24 h post-transfection as indicated. 

2.8 siRNA knockdown  

For silencing of GADD34, 293A cells were transfected with Ambion Silencer 

Select siRNAs (siGADD34#1 (s24269) & siGADD34#2 (s24268)) using Lipofectamine 

RNAiMAX (Invitrogen) according to manufacturer's protocol (reverse transfection in 12-

well cluster dishes) and treated/analysed at 48 h post-transfection. For a non-targeting 

siRNA control, cells were transfected with Silencer Select Negative Control #2 siRNA 

(siNT; Ambion, #4390846).  

2.9 Immunofluorescence staining 

Cell fixation and immunofluorescence staining were performed according to the 

procedure described in (Ying & Khaperskyy, 2020). Briefly, cells grown on 18-mm 

round coverslips were fixed with 4% paraformaldehyde in PBS for 15 min at ambient 

temperature and permeabilized with cold methanol for 10 min. After 1 h blocking with 

5% BSA (BioShop, Burlington, ON, Canada) in PBS, staining was performed overnight 

at +4 °C with antibodies to the following targets: eIF3B (1:400; rabbit, Bethyl Labs, 

A301761A); eIF4G (1:200; rabbit, Cell Signaling, #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 Biotechnology, sc-1751); TIAR (1:1000; rabbit, Cell 

Signaling, #8509). Alexa Fluor (AF)-conjugated secondary antibodies used were: donkey 

anti-mouse IgG AF488 (Invitrogen, A21202), donkey anti-rabbit IgG AF555 (Invitrogen, 

A31572), donkey anti-goat IgG AF647 (Invitrogen, A32839). Where 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 AxioImager 

Z2 fluorescence microscope and Zeiss ZEN 2011 software. Quantification of SG-positive 

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 size was performed 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 of view were analyzed for a total 

of 21 cells per condition. 

2.10 Western blotting 

Whole-cell lysates were prepared by direct lysis of PBS-washed cell monolayers 

with 1× Laemmli sample buffer (50 mM Tris-HCl pH 6.8, 10% glycerol, 2% soidum 

dodecyl sulphate (SDS), 100 mM DTT, 0.005% Bromophenol Blue). Lysates were 

immediately placed on ice, homogenized by passing through a 21-gauge needle, and 

stored at -20°C. Aliquots of lysates thawed on ice were incubated at 95°C for 3 min, 

cooled on ice, separated using denaturing polyacrylamide gel electrophoresis (PAGE), 

transferred onto polyvinylidene fluoride (PVDF) membranes using Trans Blot Turbo 

Transfer System with RTA Transfer Packs (Bio-Rad Laboratories, Hercules, CA, USA) 

according to manufacturerôs protocol and analysed by immunoblotting using antibody-

specific protocols. Antibodies to the following targets were used: ATF4 (1:1000; Rabbit, 

Cell Signalling, #9644); ɓ-actin (1:2000; HRP-conjugated, mouse, Santa Cruz 

Biotechnology, sc-47778); Bip (rabbit, Cell Signalling, #3177); eIF2Ŭ (1:1000; rabbit, 

Cell Signaling, #5324); eIF4G (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, #10449-1-AP); GCN2 (1:1000; 

rabbit, Cell Signalling, #3302s); GFP (1:1000; rabbit, Cell Signaling, #2956); HA tag 

(1:1000; mouse, Cell Signalling, #2367); OC43 N (1:1,000; mouse, Millipore, 

MAB9012); phospho-S51-eIF2Ŭ (1:1000; rabbit, Cell Signaling, #3398); phospho-T899-

GCN2 (1:1;000; rabbit, Cell Signalling, #94668); phospho-T448-GCN2 (1:1;000; rabbit, 
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Cell Signalling, #3076); PKR (1:1000; rabbit, Cell Signaling, #3072); TIAR (1:1000; 

rabbit, Cell Signaling, #8509). For band visualization, HRP-conjugated anti-rabbit IgG 

(Goat, Cell Signaling, #7074) or anti-mouse 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 visualised post-transfer to 

PVDF membranes on ChemiDoc using Stain-free fluorescent dye (Bio-Rad 

Laboratories). For analyses of protein band intensities, western blot signals were 

quantified using Bio-Rad Image Lab 5.2.1 software and values normalized to the Stain-

free signal for each lane. 

2.11 RNA isolation and RT-QPCR 

Total RNA was isolated from cells using RNeasy Plus Mini kit (Qiagen) 

according to manufacturerôs protocol and 250 ng of RNA was used to synthesize cDNA 

using qScript cDNA SuperMix (Quanta) or Maxima H Minus Reverse Transcriptase 

(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: 18S - Left: cgttcttagttggtggagcg, Right: ccggacatctaagggcatca; 

ACTB - Left: catccgcaaagacctgtacg, Right: cctgcttgctgatccacatc; G3BP1 - Left: 

ggtcttaggcgtgtaccctg, Right: tatcgggaggaccctcagtg; G3BP2 - Left: gcctgttaatgctgggaacac, 

Right: tgttgcctcctgttgcagat; GADD34 - Left: ctcaagcgcccagaaac, Right: 

ggaaatggacagtgaccttc; GAPDH - Left: gagtcaacggatttggtcgt, Right: ttgattttggagggatctcg; 

OC43-N ï Left: ggacccaagtagcgatgagg, Right: gtgcgcgaagtagatctgga; TIAR - Left: 

tggaagatgcagaagaccgag, Right: tgcactccctagctctgaca. Relative target levels were 

determined using ȹȹCt method with normalization to 18S. 

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 days); 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. 



20 
 

CHAPTER 3: RESULTS 

3.1 Coronavirus OC43 inhibits stress granule formation. 

To begin, I infected HEK293A (293A) cells with OC43 at an MOI of 1 and 

analyzed SG formation using SG marker TIAR. At various hpi, little to no SG formation 

was observed in infected cells (Figure 3.1A). In fact, the only timepoint where SG 

formation was observed in response to viral infection was at 24 hpi and SG formation 

occurred in less than 5% of cells (Figure 3.1A). Because so few SGs were observed in 

infected cells, I analyzed if OC43 actively inhibited SG formation. To test this, I used 

sodium arsenite (As) treatment; As is a potent SG-inducing agent which causes SG 

formation through activation of HRI and subsequent phosphorylation of eIF2Ŭ (N. 

Kedersha et al., 2002; N. L. Kedersha et al., 1999). The 293A cells were infected with 

OC43 and treated with As for 50 m prior to fixation at 24 hpi. At 24 hpi and 50 m-post 

As treatment, cells were stained for N, to analyze the level of viral infection, and TIAR, 

to observe SG formation. Approximately 100% of mock cells treated with As formed 

SGs as expected (Figure 3.1B,C); however, only 30% of infected cells treated with As 

formed SGs (Figure 3.1B,C). In fact, OC43-infected cells had increased TIAR 

localization to the nucleus, away from the cytoplasm where SGs form (Figure 3.1B). This 

observation suggests that OC43 infection limits the formation of SGs, not only induced 

through viral infection but also SGs induced through exogenous stressors like As.  

To verify that this phenotype was not only limited to 293A cells, I tested the level 

of SG formation in OC43-infected cells in two additional cell lines: BEAS-2B cells and 

HCT-8 cells. BEAS-2B cells are immortalized primary human upper airway epithelial 

cells which closely represent a cell type infected by CoVs in vivo. HCT-8 cells are a 

human colon cell line which are commonly used to grow OC43 virus, therefore they 

would be permissive to OC43 infection. Similar to 293A cells, BEAS-2B and HCT-8 

cells were infected with OC43, treated with As, and SG formation was analyzed at 24 

hpi. For BEAS-2B cells, nearly 100% of mock-As treated cells formed SGs while only 

45% of infected cells formed SGs (Figure 3.1D,E), indicating that OC43 limits SG 

formation in BEAS-2B cells as well. In contrast, there was little SG inhibition by OC43 

in HCT-8 cells at 24 hpi, where infected cells treated with As formed SGs to a similar 
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level as mock cells treated with As (Figure 3.1F,G). However, I also observed a lower 

level of infection in HCT-8 cells at 24 hpi compared to 293A cells or BEAS-2B cells at 

this timepoint (Figure 3.1B,D,F - OC43 only). Fewer infected HCT-8 cells at 24 hpi may 

be due to differential replication kinetics in this cell line compared to 293A or BEAS-2B 

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 HCT-8 cells was similar to that of 

infected 293A or BEAS-2B cells at 24 hpi. Additionally, at 48 hpi, OC43 also 

significantly limited SG formation (Figure 3.1H,I). Therefore, OC43 suppresses As-

induced SG 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 post-infection using immunofluorescence staining for 

nucleoprotein (N(OC43), teal) and SG marker TIAR (magenta). hpi = hours post-

infection. Scale bars = 50 µm. (A) Immunofluorescence analysis of infected 293A cells at 

different times post-infection. (B,D,F,H) Immunofluorescence analysis of SG formation 

in mock infected and OC43-infected 293A (B), BEAS-2B (D), and HCT-8 (F,H) cells 

treated with sodium arsenite (+ As) or untreated infected cells at indicated times post-

infection. (C,E,G,I) Fraction of cells with SGs was quantified in mock and OC43-infected 

cells at the indicated times post-infection. Two-way ANOVA and Tukey multiple 

comparisons tests were done to determine statistical significance (****, p -value < 

0.0001, ns = non-significant). On all plots each data point represents independent 

biological replicate (N Ó 3). Error bars = standard deviation. 
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3.2 Coronavirus OC43 limits eIF2Ŭ phosphorylation. 

Because OC43 could limit SG formation induced through As treatment, I next 

examined the levels of eIF2Ŭ phosphorylation during infection. As treatment induces the 

production of reactive oxygen species (ROS) which causes oxidative stress, activating the 

eIF2Ŭ kinase HRI and resulting in the phosphorylation of eIF2Ŭ and subsequent SG 

formation (N. Kedersha et al., 2002; N. L. Kedersha et al., 1999) . Thus, I infected 293A 

cells with OC43 at an MOI of 1 and treated with As for 50 m prior to lysis at 24 hpi to 

analyze eIF2Ŭ phosphorylation by western blot. As expected, As treatment increased the 

level of phosphorylated eIF2Ŭ (Figure 3.2A Lane 2). Interestingly, OC43 infection 

decreased the level of eIF2Ŭ phosphorylation in As-treated infected cells at 12 hpi, with 

further decreases in the level of eIF2Ŭ phosphorylation at later timepoints (Figure 3.2A). 

Quantification of eIF2Ŭ phosphorylation at 24 hpi in infected cells, showed a significant 

reduction when compared to mock cells treated with As (Figure 3.2B). In addition, there 

was a reduction in G3BP1 protein levels at later times post-infection (Figure 3.2A); 

G3BP1 is a SG-nucleating protein and significantly influences SG formation (N. 

Kedersha et al., 2016b; Tourrière et al., 2003).  

Because I observed similar levels of SG inhibition by OC43 in 293A, BEAS-2B, and 

HCT-8 cells, I wondered if OC43 could limit eIF2Ŭ phosphorylation in these additional 

cell lines as well. Thus, I examined eIF2Ŭ phosphorylation in BEAS-2B and HCT-8 cells 

infected with OC43 and treated with As. For BEAS-2B cells, western blot analysis 

showed little eIF2Ŭ phosphorylation in OC43-infected and As-treated cells (Figure 3.2C), 

and quantification of the level of eIF2Ŭ phosphorylation at 24 hpi showed a significant 

decrease of phosphorylated eIF2Ŭ in infected cells (Figure 3.2D). For HCT-8 cells, there 

was little difference to the level of eIF2Ŭ phosphorylation in mock cells or infected cells 

treated with As at 24 hpi (Figure 3.2F). However, analysis of the level of phosphorylated 

eIF2Ŭ at 48 hpi in HCT-8 cells showed a significant decrease in infected cells treated 

with As compared to mock-As treated cells (Figure 3.2G). Thus, not only does OC43 

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

significant decreases in the level of eIF2Ŭ phosphorylation in infected cells. These results 
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suggest that OC43 may limit eIF2Ŭ phosphorylation which results in the decreased level 

of SG formation observed during OC43 infection.  
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Figure 3.2 Coronavirus OC43 limits eIF2Ŭ phosphorylation. Cells were infected with 

OC43 at multiplicity of infection (MOI) = 1.0 and levels of N protein accumulation and 

phosphorylation of eIF2Ŭ were analysed by western blot. hpi = hours post-infection. 

(A,C,E) Western blot analysis of As-induced eIF2Ŭ phosphorylation and accumulation of 

N protein in 293A (A), BEAS-2B (C), and HCT-8 (E) cells at the indicated times post-

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

used as loading control. (B,D,F,G) Relative p-eIF2Ŭ level  (normalized to total eIF2Ŭ or 

actin) was quantified in mock and OC43-infected cells at the indicated times post-

infection. Two-way ANOVA and Tukey multiple comparisons tests were done to 

determine statistical significance (***, p -value < 0.001, **, p-value <0.01, ns = non-

significant). On all plots each data point represents independent biological replicate (N Ó 

3). Error bars = standard deviation. 
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3.3 Coronavirus OC43 limits eIF2Ŭ phosphorylation irrespective of the activated 

eIF2Ŭ kinase. 

Previous results suggest that OC43 limits eIF2Ŭ phosphorylation caused by HRI 

activation (Figure 3.2); however, there are three additional eIF2Ŭ kinases that are able to 

phosphorylate eIF2Ŭ (N. Kedersha et al., 2002, 2013). To investigate if the limited levels 

of phosphorylated eIF2Ŭ observed in infected cells were dependent on the activation of a 

specific eIF2Ŭ kinase, I analyzed the level of eIF2Ŭ phosphorylation in infected cells 

treated with various agents that cause phosphorylation of eIF2Ŭ through the activation of 

the other three eIF2Ŭ kinases. Specifically, 293A cells were infected with OC43 at an 

MOI of 1 and were left untreated, or were treated with thapsigargin (Tg) which causes 

ER stress through disruption of calcium homeostasis and activates PERK (Harding et al., 

1999), transfected with Polyinosinic:polycytidylic acid (poly I:C) which is a dsRNA 

mimic that activates PKR (García et al., 2007b), or treated with ultraviolet (UV) light 

which activates GCN2 (P. Zhang et al., 2002). At 24 hpi and post-treatment or 

transfection, cells were lysed for western blot analysis. While I did not have access to a 

functional phospho-PERK or total PERK antibody, I was able to examine the level of 

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

shown by the increase in phosphorylated PKR (Figure 3.3 Lane 5&6), and UV light 

activated GCN2, shown by the increase in phosphorylated GCN2 (Figure 3.3 Lane 7&8). 

Interestingly, regardless of the treatment used to activate the different eIF2Ŭ kinases, 

OC43 infection still decreased the level of phosphorylated eIF2Ŭ (Figure 3.3). These 

results suggest that OC43 does not limit the phosphorylation of eIF2Ŭ through interfering 

with the activation of eIF2Ŭ kinases. Instead, OC43 may promote dephosphorylation of 

eIF2Ŭ in order to limit the level of phosphorylated eIF2Ŭ in the cell during infection.  
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Figure 3.3 Coronavirus OC43 limits eIF2Ŭ phosphorylation irrespective of the 

activated eIF2Ŭ kinase. Cells were infected with OC43 at multiplicity of infection 

(MOI) = 1.0 and were left untreated (NT) or treated with thapsigargin (Tg) (1 ɛM) for 1 

h, transfected with Polyinosinic:polycytidylic acid (Poly I:C) (1 ɛg) for 2 h, or treated 

with ultraviolet (UV) light (20 mJ/cm2) for 2 h. Phosphorylation of GCN2, PKR, and 

eIF2Ŭ were analysed by western blot at 24 hpi. Actin was used as loading control. N = 2.  
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3.4 Coronavirus OC43 upregulates GADD34 RNA levels. 

To test if OC43 promotes the dephosphorylation of eIF2Ŭ, I first analyzed mRNA 

transcript levels of GADD34 during infection. The possible induction of GADD34 by 

OC43 could account for the decreased levels of phosphorylated eIF2Ŭ observed during 

infection (Figure 3.2,3.3), given that GADD34 is reported to dephosphorylate eIF2Ŭ 

(Harding et al., 2003). The 293A cells were infected with OC43 at an MOI of 1 and left 

untreated or were treated with Tg for 1 h or 4 h, and were lysed at 24 hpi for western blot 

or RT-qPCR analysis. Treatment of Tg for 1 h is known to phosphorylate eIF2Ŭ, while 4 

h treatment of Tg is known to induce GADD34 to a level that decreases eIF2Ŭ 

phosphorylation (Novoa et al., 2003). This phenotype was confirmed by western blot 

analysis of Tg-treated samples. In mock cells, 1 h Tg treatment increased the level of 

eIF2Ŭ phosphorylation (Figure 3.4A compare Lanes 1 & 3), while 4 h Tg treatment had 

low levels of phosphorylated eIF2Ŭ similar to mock untreated cells (Figure 3.4A compare 

Lanes 1 & 5). Additionally, OC43 infection was again shown to limit eIF2Ŭ 

phosphorylation in 1 h Tg-treated cells (Figure 3.4A compare Lanes 3 & 4). At this time, 

I did not have access to a functional GADD34 antibody to examine GADD34 protein 

levels during infection. Thus, I analyzed GADD34 RNA levels during infection. As 

expected, the RT-qPCR analysis showed a mild increase in GADD34 RNA levels in 

mock cells treated with Tg for 1 h while 4 h treatment revealed an over four-fold increase 

in GADD34 RNA levels relative to untreated mock cells (Figure 3.4A). In infected cells, 

I observed an even greater increase in GADD34 RNA levels (Figure 3.4A). RNA levels 

of ACTB (ɓ-Actin) and GAPDH were also measured as a control. In fact, ACTB and 

GAPDH RNA levels were generally decreased in infected cells (Figure 3.4B,C). Given 

that RNA levels of household genes are generally decreased during infection, while 

GADD34 RNA levels are significantly increased, it is possible that OC43 upregulates 

GADD34 to dephosphorylate eIF2Ŭ, resume translation, and promote viral protein 

production.   
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Figure 3.4 Coronavirus OC43 upregulates GADD34 RNA levels. The 293A cells 

infected with OC43 at MOI = 1.0 and untreated (NT) or treated with thapsigargin (Tg) (1 

ɛM) for 1 h or 4 h and mRNA levels were determined by RT-qPCR and level of eIF2Ŭ 

phosphorylation was determined by western blot. (A) Western blot analysis of mock or 

infected cells untreated or treated with Tg for 1 h or 4 h (N = 1). Relative (B) GADD34, 

(C) ACTB (ɓ-Actin), and (D) GAPDH mRNA levels. Values were normalized to 18S. 

Each data point represents independent biological replicate (N Ó 3). Error bars = standard 

deviation. Two-way ANOVA and Dunnettôs multiple comparisons tests were done to 

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

value <0.01; *, p-value < 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 levels, I next tested if 

OC43 could promote uORF skipping independently from prior phosphorylation of eIF2Ŭ. 

To test this, I used a small molecule inhibitor of the integrated stress response (ISR), 

ISRIB (Rabouw et al., 2019; Sidrauski et al., 2015). During the ISR when eIF2Ŭ is 

phosphorylated, it prevents eIF2B from exchanging GDP for GTP which limits the 

recycling of the ternary complex, inhibiting translation initiation (Jackson et al., 2010). 

The lack of active ternary complexes increases leaky scanning, or uORF bypass, of the 

48S ribosomal subunit which in turn promotes translation of downstream ORFs (Jackson 

et al., 2010). ISRIB prevents translation shutdown by eIF2Ŭ phosphorylation through 

binding to eIF2B and increasing the guanine exchange factor activity of eIF2B, allowing 

translation to continue despite the presence of phosphorylated eIF2Ŭ (Rabouw et al., 

2019; Zyryanova et al., 2018). This in turn prevents synthesis of transcription factor 

ATF4, because translation of this downstream ORF increases when global translation 

initiation is inhibited (Rabouw et al., 2019; Sidrauski et al., 2015). ATF4 is the main 

transcriptional inducer of GADD34, thus GADD34 is not induced during ISRIB 

treatment (Sidrauski et al., 2015). To confirm ISRIB treatment works in this experimental 

system, 293A cells were treated with Tg and ISRIB for 1 h or 4 h. Tg treatment for 1 h 

increased eIF2Ŭ phosphorylation and this increase was unaffected by ISRIB treatment 

(see Appendix). However, ISRIB treatment did inhibit induction of GADD34 by 4 h Tg 

treatment which correlated with sustained eIF2Ŭ phosphorylation, confirming that ISRIB 

works as expected in this experimental system (see Appendix). 

After the initial testing of ISRIB, I wanted to analyze if ISRIB treatment would 

affect upregulation of GADD34 by OC43. The 293A 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 24 hpi (23 h 

post ISRIB treatment), cells were also treated with As to induce eIF2Ŭ phosphorylation 

and SG formation. Because 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 translation. Immunofluorescence analysis of As-treated cells 
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treated with ISRIB showed a significant decrease in SG formation (Figure 3.5A/B 

compare NT v. ISRIB of Mock + As cells). For OC43 infected cells, I again observed a 

significant decrease in the level of SG formation compared to mock cells treated with As 

(Figure 3.5A/B compare NT of Mock + As v. NT of OC43 + As cells). In fact, the level 

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

infected cells (Figure 3.5A/B compare ISRIB of Mock + As v. NT of OC43 + As cells). 

When infected cells were treated with ISRIB and As, there was an even further decrease 

in the fraction of infected cells forming SGs (Figure 3.5A/B compare NT of Mock + As 

v. ISRIB of OC43 + As cells). These observations suggest that ISRIB treatment does not 

affect OC43ôs ability to limit SG formation. To uncover if ISRIB treatment affects OC43-

mediated dephosphorylation of eIF2Ŭ and upregulation of GADD34, samples were also 

analyzed by western blot and RT-qPCR. As observed previously, OC43 significantly 

limited As-induced eIF2Ŭ phosphorylation at 24 hpi (Figure 3.5C/D compare Lanes 3 & 

4). With ISRIB treatment, OC43 still limited eIF2Ŭ phosphorylation (Figure 3.5C 

compare lanes 7 & 8); comparisons of NT and ISRIB -treated infected cells treated with 

As showed nearly an identical level of phosphorylated eIF2Ŭ (Figure 3.5D). Further, and 

observed previously, OC43 significantly upregulated GADD34 RNA levels, and ISRIB 

treatment did not affect this upregulation (Figure 3.5E). Also, ISRIB treatment did not 

significantly affect OC43 RNA levels, as detected by the transcript levels of N. (Figure 

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

upregulate GADD34 and promote eIF2Ŭ dephosphorylation, suggesting that OC43 can 

promote GADD34 expression through another mechanism.  
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Figure 3.5 Coronavirus OC43 upregulates GADD34 independently from 

downstream activation of the integrated stress response. The 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 min. SG formation in infected cells was 

analyzed using immunofluorescence staining for nucleoprotein (N(OC43), teal) and SG 

marker TIAR (magenta). Phosphorylation of eIF2Ŭ was analysed by western blot and 

transcript levels were measured by RT-QPCR. (A) Immunofluorescence analysis of SG 

formation in mock infected and OC43-infected cells treated with ISRIB and/or sodium 

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

in mock and OC43-infected cells. (C) Western blot analysis of As-induced eIF2Ŭ 

phosphorylation and accumulation of N protein in 293A cells. Actin was used as a 

loading control. (D) Relative level of eIF2Ŭ phosphorylation (normalized to total eIF2Ŭ), 

quantified from C. (E) RT-QPCR of GADD34 and ACTB (ɓ-Actin). For all plots, each 

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

deviation. Two-way ANOVA and Tukey multiple comparisons tests were done to 

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

value < 0.0001, ns, non-significant). 
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3.6 Upregulation of GADD34 by OC43 is not required for dephosphorylation of 

eIF2Ŭ. 

Next, I aimed to confirm if this upregulation of GADD34 by OC43 was required 

for the diminished levels of eIF2Ŭ phosphorylation observed during infection. To test 

this, I transfected 293A cells with one of two distinct siRNAs targeting GADD34 

(siGADD34#1 or siGADD34#2) as well as a non-targeting (siNT) siRNA as a control. 

Then, 24 h post transfection (hpt), I infected these cells with OC43 at an MOI of 1 and 

treated with As for 50 m prior to lysis at 24 hpi/48 hpt. Western blot analysis confirmed 

knockdown of GADD34 as there was little to no GADD34 protein expression in 

siGADD34#1 or siGADD34#2 -transfected samples (Figure 3.6A, compare upper and 

lower panels Lanes 5-8). In addition, I detected an increase in GADD34 protein 

expression in infected samples that were transfected with siNT control compared to mock 

samples (Figure 3.6A, compare upper and lower panels Lanes 2 & 4). This observation 

directly reflects the increase of GADD34 RNA levels previously observed during OC43 

infection at 24 hpi (Figure 3.4A, 3.5E). As for the level of eIF2Ŭ phosphorylation, I 

observed that OC43 limits the level of As-induced eIF2Ŭ phosphorylation in siNT-

transfected cells (Figure 3.6A, compare upper and lower panels Lanes 3 & 4; Figure 

3.5B). In GADD34 knockdown samples, the level of eIF2Ŭ phosphorylation in OC43-

infected and As-treated cells was still significantly decreased compared to mock and As-

treated cells (Figure 3.6A, compare upper and lower panels Lanes 7 & 8; Figure 3.6B). In 

fact, there was no significant difference between the level of phosphorylated eIF2Ŭ in 

infected, As-treated cells transfected with siNT or either siGADD34 (Figure 3.6B). This 

result suggests that the upregulation of GADD34 by OC43 is not required for the 

diminished level of eIF2Ŭ phosphorylation observed during infection. Additionally, RT-

qPCR analysis of these samples confirmed knockdown of GADD34 at the RNA level 

(Figure 3.6C GADD34) and there was no significant change to OC43 RNA levels, as 

detected by the transcript levels of N (Figure 3.6C OC43). Further, there was a significant 

decrease in viral titers with knockdown of GADD34 compared to siNT control (Figure 

3.6D), suggesting that while upregulation of GADD34 is not required for OC43-mediated 

decrease of eIF2Ŭ phosphorylation, it may be required for other viral processes during 

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

of eIF2Ŭ. The 293A cells were infected with OC43 at MOI = 1.0 and phosphorylation of 

eIF2Ŭ was analysed by western blot. Levels of GADD34 and N were analysed by western 

blot and RT-qPCR. Viral titers were measured by FFU/ml. hpi = hours post-infection.  

(A) Western blot analysis of 293A cells transfected with siRNAs against GADD34, mock 

or infected with OC43, and untreated (NT) or treated with arsenite (As) at 48 hpt and 24 

hpi for 50 min. (B) Relative level of eIF2Ŭ phosphorylation compared to siNT/Mock + 

As (normalized to total eIF2Ŭ), quantified from A. (C) RT-QPCR of GADD34 and 

OC43-N. For GADD34 RNA, two-way ANOVA and Tukeyôs multiple comparisons tests 

were done to determine statistical significance. For OC43 RNA, one-way ANOVA and 

Tukeyôs multiple comparisons test were completed to determine statistical significance. 

(D) Foci-forming units (FFU) calculated using immunofluorescence microscopy of 

OC43-N in 293As infected with harvested supernatants collected at the same time as (A-

C). For virus titers, one-way ANOVA and Dunnettôs multiple comparisons tests were 

done to determine statistical significance. For all plots, each data point represents 

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

**, p-value <0.01; *, p-value < 0.05, ns, non-significant).  
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3.7 OC43 inhibits stress granule formation in the presence of 6-Thioguanine. 

Previously, I observed that OC43 limits SG formation induced through As 

treatment and in the presence of ISRIB. In collaboration with other researchers, my lab 

recently identified 6-Thioguanine (6-TG) as a selective inducer of SG formation in IAV -

infected cells, resulting in limited IAV replication (Slaine et al., 2021). Our 

corresponding preprint suggests 6-TG also limits OC43 infection, but it has yet to be 

confirmed if limited OC43 infection is related to SG induction, like IAV. Thus, I 

questioned if OC43 would still be able to limit SG formation in the presence of 6-TG or 

if 6-TG may induce SG formation in OC43-infected cells. The 293A cells were infected 

with OC43 at an MOI of 1 and were left untreated or were treated with 6-TG for 20 h, 

treated with 6-TG for 4 h, or treated with As for 50 m. At 24 hpi, cells were fixed for 

immunofluorescent microscopy and western blot. As previously observed, there was a 

significant decrease in As-induced SG formation and limited eIF2Ŭ phosphorylation in 

infected cells (Figure 3.7A,B,D). Further, there was no significant induction of SG 

formation in infected cells treated with 6-TG (Figure 3.7A,B); however, longer 6-TG 

treatment for 20 h resulted in reduced number of infected cells (Figure 3.7A,C). Further 

research in this area revealed that 6-TG limits accumulation of CoV spike protein 

(Pringle et al., 2022), similar to how this compound affects IAV glycoprotein 

accumulation (Slaine et al., 2021). Notably, because there was no concurrent induction of 

SG formation in OC43-infected cells (Figure 3.7A), 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 6-Thioguanine. 

The 293A cells were infected with OC43 at MOI = 1.0, untreated (NT) or treated with 6-

thioguanine (6-TG) for 20h, 6-TG for 4h, or Arsenite (As) for 50 min. SG formation in 

infected cells was analyzed using immunofluorescence staining for nucleoprotein 

(N(OC43), teal) and SG marker TIAR (magenta). Phosphorylation of eIF2Ŭ was analysed 

by western blot. (A) Immunofluorescence analysis of SG formation in mock infected and 

OC43-infected cells treated with 6-TG and/or sodium arsenite (+ As) or untreated 

infected cells. (B) Fraction of cells with SGs was quantified in mock and OC43-infected 

cells. (C) Fraction of infected cells was quantified in infected cells treated with 6-TG 

(20h and 4h) and As. (D) Western blot analysis of As-induced eIF2Ŭ phosphorylation, 

accumulation of N protein, and expression of endoplasmic reticulum stress marker Bip, 

and transcription factor ATF4. Actin was used as a loading control. For all plots, each 

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

deviation. One-way ANOVA and Tukey (B) or Dunnettôs (C) multiple comparisons tests 

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

0.0001, ns, non-significant). 
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3.8 Coronavirus OC43 inhibits stress granules independently of eIF2Ŭ 

phosphorylation. 

Thus far, I have uncovered that OC43 limits SG formation and eIF2Ŭ 

phosphorylation, although I have yet to determine how OC43 limits eIF2Ŭ 

phosphorylation. Instead of further investigating the mechanism of how OC43 limits 

eIF2Ŭ phosphorylation during infection, I decided to focus on if limited eIF2Ŭ 

phosphorylation is the only method for how OC43 suppresses SG formation. Specifically, 

I tested if OC43 could limit the formation of SGs that form independently from the 

phosphorylation of eIF2Ŭ. Silvestrol (Sil.) is another SG-inducing agent which is reported 

to interfere with the function of translation initiation factor eIF4A (Mazroui et al., 2006; 

Slaine et al., 2017); eIF4A is an RNA helicase which promotes unwinding of the 5ôUTR 

in order for the 48S subunit to scan along the RNA sequence (Jackson et al., 2010). 

Interference with eIF4A prevents translation initiation, irrespective of the 

phosphorylation status of eIF2Ŭ, and leads to the aggregation of untranslated mRNPs and 

subsequent SG formation (Mazroui et al., 2006). Therefore, 293A cells were infected 

with OC43 at an MOI of 1 and at 23 hpi, cells were treated with Sil. for 1 h. At 24 hpi, 

cells were fixed for immunofluorescence microscopy to visualize SG formation by SG 

marker TIAR and cells were lysed for western blot analysis to measure the level of 

phosphorylated eIF2Ŭ. Similar to the level of SG formation in As-treated mock cells 

(Figure 3.1B), nearly 100% of mock cells treated with Sil. formed SGs as expected 

(Figure 3.8A,B). However, only approximately 50% of infected cells treated with Sil. 

formed SGs (Figure 3.8A,B), suggesting that OC43 inhibits SGs that form independently 

from the phosphorylation of eIF2Ŭ. This results also indicates that OC43 utilizes 

additional mechanisms, other than limit ing levels of eIF2Ŭ phosphorylation, to suppress 

SG formation. To confirm that Sil. treatment did not affect eIF2Ŭ phosphorylation, I 

completed a western blot to analyze the level of phosphorylated eIF2Ŭ. As observed 

previously, OC43 infection decreases the level of As-induced eIF2Ŭ phosphorylation, but 

there was no increase in the level of phosphorylated eIF2Ŭ in Sil. treated cells compared 

to mock untreated cells as expected (Figure 3.8C).  



43 
 

 

Figure 3.8 Coronavirus OC43 inhibits stress granules independently of eIF2Ŭ 

phosphorylation. The 293A cells were infected with OC43 at MOI = 1.0 and treated 

with silvestrol (+ Sil.) for 1 h to induce SG formation. Cells were analyzed at 24 hours 

post-infection (hpi) using immunofluorescence staining for nucleoprotein and SG marker 

TIAR and western blotting to measure eIF2Ŭ phosphorylation. (A) Immunofluorescence 

analysis of SG formation in mock infected and OC43-infected cells treated with silvestrol 

(+ Sil.) or untreated infected cells. (B) Phosphorylation of eIF2Ŭ was analysed by western 

blot. (C) Fraction of cells with SGs was quantified in mock and OC43-infected 293A 

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

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

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

-value upper case or lo< 0.0001, ns = non-significant).  
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3.9 Coronavirus OC43 inhibits canonical stress granule formation. 

An important consideration when examining SG formation is to confirm that the 

foci observed are canonical SGs. Thus far, the only SG marker that has been used is 

TIAR and during OC43 infection, I have observed an increased in nuclear localization of 

TIAR (Figure 3.1A,B, 3.7A, 3.8A). To confirm that OC43 infection was limiting SG 

formation and not redistributing TIAR away from SGs so they could not be visualized, I 

investigated SG formation in response to As or Sil. treatment through the use of five 

additional SG markers. These markers include eIF4G, G3BP1, TIA-1, G3BP2, and 

eIF3B; these are common SG components previously reported to localize to SGs induced 

by various stressors (Aulas et al., 2017). The 293A cells were infected with OC43 at an 

MOI of 1 and prior to fixation at 24 hpi, cells were treated with As for 50 m or Sil. for 1 

h. Immunofluorescence microscopy revealed that irrespective of the SG marker used, 

there was an observable decrease in SG formation in OC43-infected cells compared to 

mock cells (Figure 3.9). Notably, this immunofluorescence analysis highlights the 

morphological differences in SGs formed by different stressors; in an As-treated cell, 

SGs are larger and less numerous while in a Sil-treated cell, the SGs appear smaller and 

are more numerous (Figure 3.9).  
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Figure 3.9 Coronavirus OC43 inhibits canonical stress granule formation . The 293A 

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 

post-infection (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 eIF4G (magenta), G3BP1 (yellow), TIA-1 (teal), 

G3BP2 (magenta), and eIF3b (magenta) 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. Outsets show enlarged areas of cytoplasm, indicated by white 

squares, with separation of channels to better visualize co-localization of SGs markers. 

Scale bars = 50 ɛm. 
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3.10 Coronavirus N proteins inhibit stress granule formation downstream of eIF2Ŭ 

phosphorylation. 

Having confirmed that OC43 inhibits the formation of canonical SGs induced 

through either As or Sil. treatment, I next analyzed which viral proteins potentially 

mediate this SG suppression. The nucleoprotein (N) was the first viral protein to 

examine, because it is a known RNA-binding protein and CoV2-N has recently been 

reported to bind G3BP1 (Gordon et al., 2020; Kruse et al., 2021; J. Li et al., 2021), a key 

SG protein. I generated EGFP-tagged 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 EGFP-N construct or EGFP control and 50 m prior to lysis or fixation at 24 hpt, 

transfected cells were treated with As. Western blot analysis revealed that ectopic 

overexpression of either EGFP-OC43-N or EGFP-CoV2-N did not significantly alter 

levels of eIF2Ŭ phosphorylation, suggesting that N is not involved in the decreased level 

of eIF2Ŭ phosphorylation observed during OC43 infection (Figure 3.10A,B). In contrast, 

overexpression of either EGFP-N construct resulted in a significant decrease in As-

induced SGs (Figure 3.10C); however, the magnitude of SG inhibition differed between 

the two EGFP-N constructs. Specifically, EGFP-CoV2-N was a more potent SG inhibitor 

compared to EGFP-OC43-N, where 35% and 80% of transfected cells formed SGs, 

respectively (Figure 3.10D). While overexpression of EGFP-OC43-N only poorly limited 

As-induced SG formation, EGFP-OC43-N was more efficient at limiting the formation of 

SGs induced by Sil (Figure 3.10E,F). The 293A cells were transfected with EGFP-OC43-

N, EGFP-CoV2-N, or EGFP control, treated with Sil for 1 h at 23 hpt, and at 24 hpt, cells 

were fixed for immunofluorescence microscopy. Only 40% of cells overexpressing 

EGFP-OC43-N formed SGs while 25% of cells overexpressing EGFP-CoV2-N formed 

SGs, relative to EGFP-expressing cells treated with Sil (Figure 3.10F). Thus, OC43-N is 

involved in the SG suppression observed during infection and this function of N is even 

more efficient for other CoVs, like CoV2.  
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Figure 3.10 Coronavirus N proteins inhibit stress granule formation downstream of 

eIF2Ŭ phosphorylation. The 293A cells were transiently transfected with the indicated 

EGFP-tagged viral protein expression constructs or EGFP control. At 24 h post-

transfection cells were treated with sodium arsenite (+ As) or silvestrol (+ 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. Scale bars = 100 ɛm. Levels of EGFP-tagged proteins and the As-induced 

phosphorylation of eIF2Ŭ were analyzed by western blot. (A) Western blot analysis of 

cells transfected with EGFP-tagged OC43 or CoV2 nucleoprotein (EGFP-N) expression 

vectors or control EGFP-transfected cells. EGFP-positive cells were isolated using live 

cell sorting on BD FACSAria III instrument 24 hpt and were used for experiment 48h 

post sorting. (B) Relative level of eIF2Ŭ phosphorylation (normalized to total eIF2Ŭ), 

quantified from A. (C) Immunofluorescence microscopy of EGFP-N transfected, or 

control EGFP-transfected cells treated with As. (D) Fraction of transfected cells with As-

induced SGs quantified from B. (E) Immunofluorescence microscopy of EGFP-N 

transfected or control EGFP-transfected cells treated with silvestrol. (F) Fraction of 

transfected cells with silvestrol-induced SGs quantified from D. On all plots each data 

point represents independent biological replicate (NÓ3). Error bars = standard deviation. 

Two-way ANOVA and Tukey multiple comparisons tests were done to determine 

statistical significance (****, p -value < 0.0001, *, p-value < 0.05, ns, non-significant). 
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3.11 Coronavirus OC43 Nsp15 does not inhibit stress granule formation. 

Next, I evaluated if viral protein Nsp15 would limit SG formation. Nsp15 is an 

endoribonuclease previously reported to limit activation of antiviral signalling pathways 

(Boodhoo et al., 2022). In addition, recent publications have shown that overexpression 

of Nsp15 from different CoVs, including IBV, TGEV, SARS, and CoV2, limited SG 

formation induced through As treatment (Gao et al., 2021). Thus, I speculated that Nsp15 

from OC43 may also contribute to the limited SG formation observed during OC43 

infection. I transfected 293A cells with EGFP-tagged OC43-Nsp15 (EGFP-Nsp15) or 

EGFP control and 50 m prior to lysis or fixation at 24 hpt, cells were treated with As for 

50 m. Overexpression of EGFP-Nsp15 did not affect SG formation (Figure 3.11A); there 

was a slight, but non-significant, decrease in the level of SG formation in EGFP-Nsp15-

expressing cells compared to EGFP control (Figure 3.11B). Lastly, I used western 

blotting to uncover is Nsp15 could limit the level of eIF2Ŭ phosphorylation in transfected 

cells. There was no observable difference in the level of phosphorylated eIF2Ŭ in cells 

overexpressing EGFP-Nsp15 compared to cells overexpressing EGFP (Figure 3.11C). 

While Nsp15 from other CoVs may limit As-induced SG formation, herein I conclude 

that OC43-Nsp15 does not inhibit SG formation. 
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Figure 3.11 Coronavirus OC43 Nsp15 does not inhibit stress granule formation . 

293A cells were transiently transfected with EGFP-OC43-nsp15 (EGFP-nsp15) or EGFP 

control. At 24 h post-transfection 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 expression is shown in teal. Scale bars = 100 ɛm. 

Levels of EGFP-tagged proteins and the As-induced phosphorylation of eIF2Ŭ were 

analyzed by western blot. (A) Immunofluorescence microscopy of EGFP-Nsp15 

transfected, or control EGFP-transfected cells treated with As. (B) Fraction of transfected 

cells with As-induced SGs quantified from G. Each data point represents independent 

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

Tukey multiple comparisons tests were done to determine statistical significance (ns, 

non-significant). (C) Western blot of OC43 EGFP-Nsp15 transfected or control EGFP 

transfected cells treated with As. 
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3.12 Coronavirus Nsp1 inhibits stress granules and limits eIF2Ŭ phosphorylation. 

Thus far, I have shown that N of both OC43 and CoV2, but not Nsp15 of OC43, 

are partially responsible for inhibition of SG condensation downstream of translation 

arrest, independent from changes to the level of eIF2Ŭ phosphorylation. Comparisons 

between the level of SG inhibition in OC43-N-transfected cells and OC43-infected cells 

highlight discrepancies between the magnitude of SG suppression, suggesting that OC43 

virus utilizes additional mechanisms to limit SG formation. I next wanted to test if host 

shutoff protein non-structural protein 1 (Nsp1) would limit SG formation. Recent 

literature about Nsp1 of CoV2 has shown that Nsp1 halts host translation by physically 

blocking the mRNA entry channel of the 40S ribosomal complex as well as promoting 

the degradation of host mRNAs through the use of an unknown host nuclease (Schubert 

et al., 2020; Thoms et al., 2020). Importantly, OC43-Nsp1 is also reported to limit host 

translation, but it is incapable of promoting host RNA degradation like CoV2-Nsp1 

(Mendez et al., 2021). So, I co-transfected 293A cells with HA-tagged Nsp1 constructs 

for OC43 or CoV2, which were previously generated in my lab, with an EGFP construct 

and treated with As for 50 m. Co-transfection of the Nsp1 constructs with EGFP has 

previously been reported to illustrate the host shutoff and RNA degradation function of 

Nsp1 and confirm that these constructs behave as expected (Mendez et al., 2021). At 24 

hpt, transfected cells were lysed for western blot analysis. Examination of the GFP 

protein expression confirmed that Nsp1 was functioning as expected (Figure 3.12A). 

Specifically, there was a decrease in GFP expression in OC43-Nsp1-expressing cells 

compared to cells only transfected with GFP (Figure 3.12A, empty vec.), likely due to the 

host shutoff function of OC43-Nsp1. In CoV2-Nsp1-expressing cells, there was an even 

stronger decrease in GFP expression compared to OC43-Nsp1-transfected cells or the 

empty vector control; this observation is likely attributed to the dual functions of CoV2-

Nsp1 in host shutoff and stimulating RNA degradation. Notably, overexpression of either 

OC43-Nsp1 or CoV2-Nsp1 resulted in a significant decrease in the level of eIF2Ŭ 

phosphorylation in As-treated and Nsp1-transfected cells compared to EGFP control 

(Figure 3.12A,B). Importantly, the transfection efficiencies of these experiments range 

from 40-60%, so the level of eIF2Ŭ phosphorylation in transfected cells may be even 

lower than observed here. Given that both Nsp1s limited eIF2Ŭ phosphorylation, we 
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predicted that OC43-Nsp1 and CoV2-Nsp1 would also limit As-induced SG formation. I 

transfected 293A cells with HA-tagged Nsp1 constructs or an EGFP control and treated 

with As 50 m-prior to fixation at 24 hpt. SG formation in transfected cells was analyzed 

using immunofluorescence microscopy using TIAR as a SG marker. In either OC43-

Nsp1- or CoV2-Nsp1-transfected cells, there was little SG formation compared to As-

treated and EGFP-transfected cells (Figure 3.12C). Interestingly, overexpression of 

CoV2-Nsp1 resulted in an increase in TIAR nuclear localization, which may contribute to 

the limited SG formation in CoV2-Nsp1-expressing cells (Figure 3.12C). Alternatively, 

nuclear localization of TIAR may misrepresent the level of SG formation in CoV2-Nsp1-

transfected cells, where TIAR is redistributed away from SGs but they still form within 

the cytoplasm. To test this, I also analyzed SG formation using G3BP1 as a SG marker. I 

transfected 293A cells with EGFP-tagged Nsp1 constructs or EGFP control and treated 

with As 50 m-prior to fixation at 24 hpt. Similar to using TIAR as a SG marker, 

overexpression of OC43-Nsp1 limited SG formation indicated by G3BP1-positive foci 

(Figure 3.12B). Analysis of SG formation in CoV2-Nsp1-expressing cells revealed low 

G3BP1 expression (Figure 3.12D), resulting in inconclusive observations about the level 

of SG formation in transfected cells. Using a third SG marker, G3BP2, I transfected 

293A cells with HA-tagged Nsp1 constructs or EGFP control and treated with As 50 m-

prior to fixation at 24 hpt. Again, overexpression of OC43-Nsp1 limited SG formation 

while in CoV2-Nsp1-expressing cells, small G3BP2-postive aggregates formed in the 

cytoplasm of the transfected cells (Figure 3.12E). Quantification of the number of SGs 

per cell showed no significant difference between cells expressing CoV2-Nsp1 (HA-

Nsp1) or cells expressing EGFP (Figure 3.12F), but there was a significant decrease in 

the size of SGs in the presence of CoV2-Nsp1 compared to EGFP (Figure 3.12F). 

Together, Nsp1 of OC43 repeatedly inhibits SG formation, likely due to limited eIF2Ŭ 

phosphorylation, and along with OC43-N, contributes to the significant SG suppression 

observed during OC43 infection. While CoV2-Nsp1 remodels SG composition through 

stimulating redistribution of TIAR to the nucleus and degradation of G3BP1.  
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Figure 3.12 Coronavirus Nsp1 inhibits stress granules and limits eIF2Ŭ 

phosphorylation. The 293A cells were transiently transfected with the indicated HA-

tagged or EGFP-tagged Nsp1 expression constructs or EGFP control. At 24h post-

transfection cells were treated with sodium arsenite (+ As). SG formation was visualized 

by immunofluorescence microscopy and eIF2Ŭ phosphorylation was analysed by western 

blot. (A) Whole cell lysates from transfected cells with or without As were analysed by 

western blot. (B) Relative level of eIF2Ŭ phosphorylation (normalized to total eIF2Ŭ), 

quantified from A. Each data point represents independent biological replicate (NÓ3). 

Error bars = standard deviation. Two-way ANOVA and Tukey multiple comparisons 

tests were done to determine statistical significance (****, p -value < 0.0001, **, p -value 

< 0.01). (C) Immunofluorescence microscopy staining for TIAR (magenta). GFP signal 

in control cells and HA-tagged Nsp1 signal are shown in teal. Scale bar = 50 ɛm. (D) 

Immunofluorescence microscopy analysis of cells expressing the indicated EGFP-tagged 

Nsp1 constructs or EGFP control. SG formation was visualized by staining for G3BP1 

(magenta). GFP signal is shown in teal. Nuclear DNA was visualized with Hoechst 

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

ɛm. (E) Immunofluorescence microscopy analysis of cells expressing the indicated HA-

tagged Nsp1 constructs or EGFP control. SG formation was visualized by staining for 

G3BP2 (magenta). GFP signal in control cells and HA-tagged Nsp1 signal are shown in 

teal. Asterisks indicates a representative CoV2 Nsp1 expressing cell with small SGs. 

Scale bar = 50 ɛm. (F) G3BP2-positive SG number per cell and average SG size per cell 

were quantified in CoV2 HA-Nsp1-transfected cells and control EGFP-transfected cells 

from E. Each data point represents individual cell analysed from 3 independent biological 

replicates (21 cells per condition). Error bars = standard deviation. Two-tailed Students t-

Test was done to determine statistical significance. (****, p -value < 0.0001, ns, non-

significant). 
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3.13 The RNA degradation function of CoV2-Nsp1 is required for TIAR 

redistribution and G3BP1 depletion from stress granules. 

The distinct changes to SG formation in the presence of OC43-Nsp1 compared to 

CoV2-Nsp1 may be related to the differential functions of these two viral proteins. As 

previously mentioned, both Nsp1 proteins interfere with host protein synthesis, however 

only CoV2-Nsp1, not OC43-Nsp1, has been shown to promote RNA degradation 

(Mendez et al., 2021). Thus, I questioned if the RNA degradation function of CoV2-Nsp1 

was responsible for the remodeling of SGs previously observed (Figure 3.12). I utilized 

two CoV2 Nsp1 amino acid substitution mutants that are defective for mRNA 

degradation function but are still able to inhibit host protein synthesis: R99A N-terminal 

domain mutant (99A) and R124A,K125A linker region double mutant (125A). To 

confirm the function of these mutants, EGFP expression was analyzed in 293A cells co-

transfected with one of the four HA-tagged Nsp1 constructs and EGFP. Western blotting 

analysis showed a decrease in GFP expression in OC43-Nsp1-transfected cells and even 

less GFP expression in WT CoV2-Nsp1-expressing cells compared to EGFP only-

transfected cells (Figure 3.13A). GFP expression in cells expressing either CoV2-Nsp1 

(99A) or CoV2-Nsp1 (125A) only showed a slight decrease in GFP expression (Figure 

3.13A), suggesting these mutants cannot decrease GFP expression to the same degree as 

WT CoV2-Nsp1 and that they are deficient in mRNA degradation function. Further, only 

WT CoV2-Nsp1 decreased expression of G3BP1, while expression of additional SG 

markers G3BP2 and TIAR were unaffected by Nsp1 (Figure 3.13A). To examine if the 

mRNA degradation function of Nsp1 affects SG formation, 293A cells were transfected 

with HA-tagged Nsp1 constructs or EGFP control, treated with As for 50 m, and SG 

formation was visualized using TIAR (Figure 3.13B) or G3BP2 and TIA-1 (Figure 

3.13C). All Nsp1s limited SG formation to various degrees (Figure 3.13D). Using TIAR 

as a SG marker, WT CoV2-Nsp1 was most efficient at limiting SG formation, with less 

than 30% of transfected cells forming SGs (Figure 3.13B,D). Although, the level of SG 

formation significantly increased in the presence of either CoV2-Nsp1 mutant compared 

to WT CoV2-Nsp1 (Figure 3.13B,D). Strikingly, nuclear localization of TIAR was only 

increased during overexpression of WT CoV2-Nsp1 and not overexpression of either 

CoV2 Nsp1 mutant (Figure 3.13B). This observation indicates that the level of SG 
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inhibition by WT CoV2-Nsp1 is inflated when using TIAR as a marker of SG formation. 

In contrast, the level of SG formation was significantly higher in WT CoV2-Nsp1-

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

there was little change to the magnitude of SG formation in the presence of the two 

mutant CoV2-Nsp1s or OC43-Nsp1 between SG markers (Figure 3.13C,D). Further, 

TIA-1 staining resembled similar localization patterning as TIAR; overexpression of WT 

CoV2-Nsp1 promoted nuclear localization of TIA-1. TIAR and TIA-1 are related SG 

proteins and similar re-distribution to the nucleus by WT CoV2-Nsp1 suggests that at 

common aspect of these proteins is targeted by WT CoV2-Nsp1. Additionally, I 

examined the RNA levels of multiple SG proteins as well as housekeeping gene ACTB 

(ɓ-Actin) using RT-qPCR. WT CoV2-Nsp1 significantly degraded G3BP1, G3BP2, and 

ACTB RNA levels, while TIAR RNA levels were significantly increased (Figure 3.13E). 

The degradation of G3BP1 RNA by WT CoV2-Nsp1 also explains the decrease in 

G3BP1 protein expression, and the lack of SGs, previously observed in EGFP-CoV2-

Nsp1-expressing cells (Figure 3.12D). Together, these observations implicate the mRNA 

degradation function of CoV2-Nsp1 in both the degradation of G3BP1 and the 

localization of TIAR to the nucleus. These functions of CoV2-Nsp1 specifically target 

key SG proteins and highlight additional mechanisms of how CoVs proteins interfere 

with SG formation. 
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