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Abstract 

Coronaviruses (CoV) are a group of RNA viruses that have continuously posed risks to humans’ health 

and economy. Since the first recorded major CoV outbreak of SARS-CoV in 2001, using modern 

scientific methods, tremendous effort and resources have been devoted to better understanding the 

transmission of these viruses to humans and the associated disease manifestations. Like all known 

viruses, CoV require and utilize intracellular signaling pathways to replicate in the host cell. In doing 

so, CoV have apparently evolved diverse strategies to modulate these systems to initiate the formation 

of novel pathogenic intracellular structures, including so-called double membrane vesicles (DMVs), 

which collectively have been termed replicative organelles (ROs). DMVs and ROs are essential for 

successful CoV replication. Their formation, together with massively increased synthesis of viral protein 

and RNA components, leads to pronounced activation of affected cells. Among the cellular processes 

modulated early and most strongly during CoV infection are those related to the endoplasmic reticulum 

(ER) stress response and autophagy.  

Activation of ER signaling pathways by CoV results in ER stress and triggering of the unfolded protein 

response (UPR). The UPR is an adaptive process by which the cell attempts to restore normal ER 

function through activation of protein kinases, transcription factors, and downstream genetic programs. 

This involves a number of well-characterized molecular sensor and effector molecules anchored in the 

ER membrane, which include the protein kinases PERK and IRE1α and the chaperone BiP (GRP78, 

HSPA5).  

Autophagy refers to a highly dynamic process by which the cell can degrade larger molecular 

complexes, organelles, or invading pathogens and recycle or destroy the resulting macromolecules. As 

part of the autophagy process, a double membrane structure (the autophagosome) is formed, which 

interacts with the proteins LC3B and p62/SQSTM1 (sequestosome1) to coordinate basal, as well as 

selective, autophagy flux in response to various stressors, including viral infections. 

In this work, the central questions were investigated to what extent (i) CoV specifically modulate the 

ER stress and autophagy system and whether (ii) new starting points for antiviral strategies can be 

derived from this. To this end, a series of specific molecular but also proteome-wide analyses were 

performed in pharmacologically and genetically perturbed cellular model systems. Small molecule 

inhibitors were used to examine the effect of inhibiting PERK, IRE1α, or both protein kinases on CoV 

replication as well as on activation of the UPR and host response. One of the major findings of this 

approach was that inhibition of PERK resulted in a reduction in replication of HCoV-229E and MERS-

CoV, but not SARS-CoV-2. HCoV-229E infection of Huh7 cells resulted in induction of the 

transcription factor ATF3 and suppression of BiP. PERK inhibition abolished both of these effects and 

led to a reduction in phosphorylation of serine 52 of the translation-inhibitory factor eIF2α. In contrast, 

inhibition of IRE1α resulted in only a small reduction in HCoV-229E replication but completely 
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prevented virus-induced ATF3 induction. Arteficial, "chemical" activation of the UPR by the natural 

product thapsigargin resulted in strong inhibition of replication of all three CoV tested with a half-

maximal effective concentration (EC50) in the low nanomolar range with concomitant low cytotoxicity. 

Furthermore, thapsigargin treatment of CoV-infected cells was associated with partial abrogation of 

global HCoV-229E-induced inhibition of protein biosynthesis and resulted in almost complete inhibition 

of CoV-induced selective and basal autophagy flux. Subsequently, a genetic approach based on the 

CRISPR-CAS-9 system was used to further investigate the roles of PERK, IRE1α, and ATF3 in CoV 

replication. Silencing of PERK resulted in a decrease in HCoV-229E replication, whereas suppression 

of IRE1α or ATF3 showed very little or no effect on virus replication. In addition, mass spectrometric 

techniques were used to comparatively examine changes in the proteome in CoV-infected and 

thapsigargin-treated cells. Bioinformatic analyses of the differentially expressed proteins resulted in the 

identification of a number of specific metabolic processes, signaling pathways, and factors that may be 

responsible for the antiviral effect of thapsigargin, including ER-associated degradation (ERAD) and 

ER quality control (ERQC) pathways. In the final part of the work, a proximity-based, proteome-wide 

interaction screen was performed to reveal the intracellular binding partners of ATF3 in the context of 

HCoV-229E infection. This led to the identification of a number of components of the immune system 

and mitochondrial homeostasis that are potential ATF3-dependent regulated effector molecules.   

In summary, the results obtained in this work provide insight into the CoV-specific activation patterns 

of the ER stress factors PERK, IRE1α, BiP, and ATF3 and their role in CoV replication and host 

response. The extensive evidence for antiviral efficacy of thapsigargin establishes chemical activation 

of the ER stress system as a novel antiviral therapeutic principle against enveloped RNA viruses such 

as HCoV-229E, MERS-CoV, and SARS-CoV-2 and identifies thapsigargin as a new prototype of 

compounds with multimodal host-directed antiviral activity based on molecular mechanisms of action.   
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German summary 

Coronaviren (CoV) umfassen eine Gruppe von RNA-Viren mit einem hohen gesundheitlichen und 

ökonomischen Gefährdungspotential für die gesamte Menschheit. Seit dem ersten, mit modernen 

wissenschaftlichen Methoden verfolgbaren CoV-Ausbruch von SARS-CoV im Jahr 2001, wurden 

enorme Anstrengungen und Ressourcen darauf verwendet, den Übertritt dieser Viren auf den Menschen 

und die damit verbundenen Krankheitserscheinungen besser zu verstehen. Wie alle bekannten Viren 

benötigen und nutzen CoV intrazelluläre Signalwege, um in der Wirtszelle zu replizieren. Dabei haben 

CoV offenbar verschiedene Strategien zur Modulation dieser Systeme entwickelt, um die Bildung 

neuartiger pathogener intrazellulärer Strukturen zu initiieren, einschließlich sogenannter 

Doppelmembranvesikel (DMVs), die zusammen als replikative Organellen (ROs) bezeichnet werden. 

DMVs und ROs sind für die erfolgreiche CoV-Replikation unerlässlich sind. Ihre Bildung führt 

zusammen mit der massiv erhöhten Synthese von viralen Protein- und RNA Komponenten zu einer 

ausgeprägten Aktivierung der betroffenen Zellen. Zu den frühzeitig und am stärksten modulierten 

zellulären Prozessen während einer CoV-Infektion gehören diejenigen, die mit der Stressantwort des 

endoplasmatischen Retikulums (ER) und der Autophagie zusammenhängen.  

Die Aktivierung von ER-Signalwegen durch CoV führt zu ER-Stress und einer Auslösung der unfolded 

protein response (UPR). Die UPR ist ein adaptiver Prozess, mittels dessen die Zelle versucht, die 

normale Funktion des ER durch die Aktivierung von Proteinkinasen, Transkriptionsfaktoren und 

nachfolgenden genetischen Programmen wiederherzustellen. Hierbei sind eine Reihe an gut 

charakterisierten, in der ER Membran verankerten molekulare Sensor- und Effektormoleküle beteiligt, 

zu denen die Proteinkinasen  PERK und IRE1α sowie das Chaperon BiP (GRP78, HSPA5) gehören.  

Autophagie bezeichnet einen hoch dynamischen Prozess, mit dessen Hilfe die Zelle größere 

Molekülkomplexe, Organellen oder auch eindringende Krankheitserreger degradieren und die 

entstehenden Makromoleküle recyclen oder zerstören kann. Im Rahmen des Autophagieprozessess 

entsteht eine Doppelmembranstruktur (das Autophagosom), welche mit den Proteinen LC3B und 

p62/SQSTM1 (Sequestosome1) interagiert, um den basalen, aber auch den selektiven  Autophagiefluss 

als Reaktion auf verschiedene Stressoren, einschließlich viraler Infektionen, zu koordinieren.  

In dieser Arbeit wurden die zentralen Fragen untersucht, inwieweit (i) CoV die ER Stress- und 

Autophagie System spezifisch modulieren und ob sich (ii) hieraus neue Ansatzpunkte für antivirale 

Strategien ableiten lassen. Hierzu wurde eine Reihe an spezifischen molekularen, aber auch 

proteomweiten Analysen in pharmakologisch und genetisch perturbierten zellulären Modellsystemen 

durchgeführt. Mittels niedermolekularer Inhibitoren wurde die Wirkung der Hemmung von PERK, 

IRE1α, oder beiden Proteinkinasen auf die CoV-Replikation sowie auf die Aktivierung der UPR und 

der Wirtsantwort untersucht. Eines der wichtigsten Ergebnisse dieses Ansatzes war, dass die Hemmung 

von PERK zu einer Verringerung der Replikation von HCoV-229E und MERS-CoV, aber nicht von 
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SARS-CoV-2 führte. Eine HCoV-229E-Infektion von Huh7-Zellen führte zur Induktion des 

Transkriptionsfaktors ATF3 und zur Suppression von BiP. Die PERK-Hemmung hob diese beiden 

Effekte auf und führte zu einer Verringerung der Phosphorylierung von Serin 52 des 

translationshemmenden Faktors eIF2α. Demgegenüber führte die Hemmung von IRE1α nur zu einer 

geringen Verringerung der HCoV-229E-Replikation, verhinderte aber vollständig die Virus-induzierte 

ATF3-Induktion. Eine artefizielle, „chemische“ Aktivierung der UPR durch den Naturstoff 

Thapsigargin resultierte in einer starken Hemmung der Replikation aller drei getesteten CoV mit einer 

halbmaximalen effektiven Konzentration (EC50) im unteren nanomolaren Bereich bei gleichzeitiger 

geringer Zytotoxizität. Weiterhin war eine Thapsigargin Behandlung von CoV-infizierten Zellen mit 

einer partiellen Aufhebung der globalen, HCoV-229E- induzierten Hemmung der Proteinbiosynthese 

assoziiert und führte zu einer fast kompletten Inhibition des CoV-induzierten selektiven und basalen 

Autophagieflusses. Nachfolgend wurde ein genetischer, auf dem CRISPR-CAS-9 System basierender 

Ansatz, genutzt, um die Rolle von PERK, IRE1α und ATF3 bei der CoV-Replikation weiter zu 

untersuchen. Das Ausschalten von PERK führte zu einem Rückgang der HCoV-229E-Replikation, 

während die Suppression von IRE1α oder ATF3 nur eine sehr geringe oder keine Auswirkungen auf die 

Virusreplikation zeigt. Zusätzlich wurden massenspektrometrische Verfahren verwendet, um 

Veränderungen des Proteoms in CoV-infizierten und mit Thapsigargin behandelten Zellen vergleichend 

zu untersuchen. Bioinformatische Analysen der differentiell exprimierten Proteine resultierten in der 

Identifikation einer Reihe von spezifischen metabolischen Prozessen, Signalwegen und Faktoren, die 

für die antivirale Wirkung von Thapsigargin verantwortlich sein könnten, einschließlich ER-assoziierter 

Abbau- (ERAD) und ER-Qualitätskontrollwege (ERQC). Im letzten Teil der Arbeit wurde ein 

proximitäts-basierter, proteomweiter Interaktions Screen durchgeführt, um die intrazelluläre 

Bindungspartner von ATF3 im Zusammenhang mit einer HCoV-229E-Infektion aufzudecken. Dieses 

führte zur Identifikation einer Reihe von Komponenten des Immmunsystems und der mitochondrialen 

Homöostase, die als potentielle ATF3-abhängig regulierte Effektormoleküle in Frage kommen.   

Zusammenfassend geben die in dieser Arbeit erzielten Ergebnisse einen Einblick in die CoV-

spezifischen Aktivierungsmuster der ER-Stress Faktoren PERK, IRE1α, BiP und ATF3 und ihrer Rolle 

bei der CoV Replikation und der Wirtsantwort. Die umfangreiche Evidenz für eine antivirale 

Wirksamkeit von Thapsigargin etabliert die chemische Aktivierung des ER Stress Systems als ein neues 

antivirales Therapieprinzip gegen umhüllte RNA-Viren wie HCoV-229E, MERS-CoV und SARS-CoV-

2 und identifiziert Thapsigargin anhand der molekularen Wirkmechanismen als einen neuen Prototyp 

von Verbindungen mit multimodaler, auf den Wirt gerichteter antiviraler Aktivität.  
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Chapter 1: Introduction 

1.1 Coronaviruses 

Coronaviruses (CoV) are plus single-stranded RNA viruses with a wide range of hosts including human 

beings. At the organismic level, the pathology associated with CoV can manifest itself in different 

systems including the upper and lower respiratory tracts, the enteric system, and the nervous system 

(Jacob Machado et al. 2021).   

Coronaviruses got their name first when a group of virologists observed an avian infectious bronchitis 

virus under electron microscopy. The virus had corona-like projections surrounding the round body of 

the particle and hence it was named for this appearance (J. D. Almeida et al, 1968). The characterized 

virus by J. D. Almeida et al resembled other previously isolated viruses including a murine hepatitis 

virus (MHV) and a human virus named 229E (later to be renamed HCoV-229E)(D. X. Liu, Liang, and 

Fung 2021). HCoV-229E was first isolated in 1966 from a human respiratory tract sample (Hamre and 

Procknow 1966). The discovery of many other viruses sharing the same distinct corona-like appearance 

led to the establishment of the Coronaviridae family in 1975 (Weiss and Navas-Martin 2005). The family 

Coronaviridae belongs to the order of Nidovirales which is in the realm of Riboviria (Gorbalenya et al. 

2020). Coronaviridae is further divided into two major subfamilies namely Letovirinae, and 

Orthocoronavirinae. This latter subfamily is subdivided into four genera: Alphacoronavirus, 

Betacoronavirus, Gammacoronavirus, and Deltacoronavirus (data updated regularly by the International 

Committee of Taxonomy of Viruses, ICTV) (Fig. 1).  
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Figure 1: Taxonomy of Coronaviridae with the seven coronaviruses that infect human beings.  
A schematic representation of Coronaviridae family higher and lower classifications with emphasis on Alpha- and 

Beta-coronaviruses that infect human beings.  

 

Of the animal CoV, porcine epidemic diarrhea virus (PEDV), transmissible gastroenteritis virus 

(TGEV), both infecting pigs, and bovine coronavirus (BCoV) are of particular economic importance 

given their respective hosts and the pathology associated with the infection. 

MHV is a Betacoronavirus belonging to murine coronaviruses, first isolated in 1949, is one of the most 

studied CoV and is considered a model virus for human CoV infection and disease (Bailey et al. 1949) 

(Weiss 2020). 

Of the human CoV, four are endemic and usually associated with a mild, upper respiratory tract disease 

(HCoV-229E, -OC43, -NL63, -HKU1). The three highly pathogenic ones (the Middle East respiratory 

syndrome (MERS)-CoV, severe acute respiratory syndrome (SARS)-CoV and SARS-CoV-2) are a 

result of a recent introduction from animals to humans (zoonosis). These viruses are known to infect the 

lower respiratory tract, potentially causing severe diseases, including acute respiratory distress 

syndrome (ARDS) (Lamers and Haagmans 2022) (Fig. 1).  

First observed in 2003, SARS-CoV caused a relatively small but worldwide outbreak that resulted in 

8098 known cases of infection and 774 registered fatalities (Lui et al. 2020). The overall case fatality 

rate (CFR) of SARS-CoV was hovering around 10% while the CFR for patients aged 60 and above was 
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more than 50% (“Consensus Document on the Epidemiology of Severe Acute Respiratory Syndrome 

(SARS)” 2003.). The relatively high CFR of this outbreak alerted the world to the impending danger 

posed by CoV.  Intriguingly, no known cases of SARS-CoV were ever registered after 2004 (Z. Zhu et 

al. 2020). 

Nine years later, the world was on a rendezvous with a new, relatively small, outbreak of CoV caused 

by a zoonotic spillover from camels to humans. The virus was named MERS-CoV. It resulted in 2,506 

infections (so far) with a relatively very high overall CFR, nearing 35% (Y. Liang et al. 2020). Unlike 

SARS-CoV, MERS-CoV cases are still being sporadically reported, mainly in the Arabian Peninsula 

(Z. Zhu et al. 2020).   

With these two outbreaks in mind, many scientists saw a sweeping pandemic of coronavirus as a 

pending, inevitable event (Cheng et al. 2007) (Menachery et al. 2015). Not to their surprise, at the end 

of 2019, news from China of a cluster of patients with pneumonia of unknown etiology heralded the 

emergence of a novel coronavirus that was later named SARS-CoV-2 and is the causative agent of 

COVID-19 (Huang et al. 2020) (Gorbalenya et al. 2020). Although the overall CFR of the new CoV is 

relatively low (estimations might differe between sources) the outbreak resulted so far in massive losses 

of lives and a major setback to global economies given the magnitude of the spread of this virus (Lui et 

al. 2020). Patients aged 60 or more, and those with co-morbidities experienced a significantly higher 

CFR and more severe symptoms than younger, otherwise healthy, patients did (Z. Zhu et al. 2020).  

The undeniable current and predicted risks posed by coronaviruses necessitate thorough research and 

understanding of these viruses’ replicative cycle and the respective host response. Such research would 

allow identifying points of interventions in the CoV replicative cycle or the host response that eventually 

lead to the development of efficient anti-viral strategies.  

 

 1.1.1 Coronaviruses genome structure  

The genome of CoV is organized into two major regions. The first region comprises the replicase gene 

region occupying about 22Kb (two-thirds) while the second one comprises the structural and accessory 

genes region (varying in numbers from one CoV to another) making up the rest one-third of the genome 

(Brant et al. 2021). At its five prime end, the genome is capped with an m7G-cap structure (m7GpppA1), 

protecting it from degradation by host enzymes  and facilitating ribosomal translation by the host 

(Wilamowski et al. 2021, 2).  The five prime end also contains an untranslated region (UTR) that is most 

likely involved in regulating viral RNA synthesis (Madhugiri et al. 2014). The 3 prime end of the 

genome is endowed with a poly(A) tail ranging from 30 to 60-nt in length and a UTR with still elusive, 

possibly regulatory, functions (D. Zhang et al. 2022) (Miao et al. 2008) (Fig. 2).  
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Figure 2: Genomic structure of the seven coronaviruses that infect human beings.  
A schematic representation of the two major regions of the CoV genome coding for nonstructural proteins (NSPs) 

and structural and accessory proteins. The grey circle at the five prime end represents the cap and “A30-60” indicates 

the poly-A tail at the three prime end. Abbreviations for viral structural proteins are as follows: Spike (S), the 

envelope (E), the membrane (M), the nucleocapsid (N), and hemagglutinin esterase (HE). NSPs are indicated by 

blue and green, numbered boxes in the replicase gene region. Accessory proteins are indicated by gray, numbered 

boxes in the second region of the genome. ORF, open reading frame.  

The figure was adapted from figure 1, Brant et al. 2021. under a Creative Commons Attribution 4.0 International 

License (Brant et al. 2021).  

 

The replicase gene has two overlapping open reading frames, ORF1a and ORF1b. At the junction 

between the two ORFs, a pseudoknot RNA structure is formed that leads to a -1 ribosomal frameshift 

(Kelly et al. 2020). This frameshift produces two major polypeptides (Giedroc and Cornish 2009). The 

two major polypeptides (pp), pp1a and pp1ab, are further processed and cleaved into 16 non-structural 

proteins (NSPs) using the two viral proteases chymotrypsin-like protease, 3CLpro, also called viral main 

protease Mpro, and Papain-like protease, PLpro (Ziebuhr, Snijder, and Gorbalenya, 2000). These NSPs 

are involved in the replication and transcription of the viral genomic RNA, among other functions that 

will be discussed in the subsequent sections.  

Downstream from the replicase gene region reside sequences encoding for structural and accessory 

proteins. The production of these proteins requires a different approach than the one used for the NSPs. 
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MERS-CoV
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These proteins are translated from a group of sub-genomic messenger RNAs (sgmRNAs) that are 

produced through a process of discontinuous transcription during the negative RNA strand synthesis 

(H.-Y. Wu and Brian 2010). This process generates nested sgmRNAs with a shared 5 prime leader 

sequence, 5 prime cap structure, and a 3 prime poly(A) tail (Finkel et al. 2021). The shared leader 

sequence is a transcription regulatory sequence (TRS-Leader) that is found at the 5 prime end of the 

genomic viral RNA (Yang et al. 2021). During the process of discontinuous transcription, the viral RNA-

dependent RNA polymerase (RdRp) pauses upon encountering a transcription regulatory sequence in 

the body of the genome (TRS-Body) (Brant et al. 2021). TRS-B sequences are located throughout the 

length of the second region of the viral genome at different locations (Brant et al. 2021). This pause 

upon encountering TRS-B triggers the polymerase to fall off and “jump” back to TRS-L, incorporate it, 

and then start a new round of mRNA transcription and continue the synthesis until encountering the next 

TRS-B (D. Kim et al. 2020). The process will repeat until the last TRS-B is encountered, generating the 

nested sgmRNAs (D. Kim et al. 2020) (Fig. 3).  

 

Figure 3: CoV structural and accessory proteins are produced from sub-genomic messenger 

RNAs.  
A schematic representation of SARS-CoV-2 genomic structure (as an example) illustrating the nine sub-genomic 

messenger RNAs produced through the process of discontinuous transcription (during the negative RNA strand 

synthesis). Abbreviations are as follows: Transcription regulatory sequence-leader (TRS-L), Transcription 

regulatory sequence-body (TRS-B), Spike (S), the envelope (E), the membrane (M), and the nucleocapsid (N). 

The question mark at ORF10 indicates an unconfirmed expression. gRNA, genomic RNA. 

The figure was adapted from figure 1, Kim et al. 2020. Open access under the COVID-19 resource centre (D. Kim 

et al. 2020).  

 

The positive strands of each of these sgmRNAs will be then translated into structural proteins, including 

the spike (S), the envelope (E), the membrane (M) and the nucleocapsid (N), and multiple accessory 

proteins.  

1.1.2 Coronaviruses proteins functions 

The poly-cistronic (multiple polypeptides encoded from one messenger RNA) genomic RNA of CoV is 

capable of producing 16 NSPs (Brant et al. 2021). These NSPs have diverse and crucial functions that 

ensure a successful replicative cycle and contribute to the evolutionary adaptation of the virus to its host.  
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The first major polypeptide to be translated is pp1a followed by the frameshift product pp1ab, consisting 

of about 4000 and 7000 amino acids respectively (Ziebuhr and Siddell 1999). Included in these 

polypeptides are regions with proteolytic activities, namely 3CLpro (NSP5), and PLpro (NSP3), that 

would auto-process both polypeptides at specific conserved sites to liberate themselves first (Thiel et al. 

2003). The now liberated proteinases will further cleave the two polypeptides to liberate the remaining 

NSPs. 3CLpro (NSP5) cleavages of pp1a at seven conserved sites release NSP4 to NSP11. The same 

proteinase cleaves pp1ab at 11 conserved sites to excise NSP4 to NSP16 (Moustaqil et al. 2021). NSP1 

to NSP4 are cleaved by PLpro (NSP3) (Thiel et al. 2003). The now-released NSPs will be able to carry 

out their corresponding functions.  

NSP1 is involved in damping down the immune system of the host by inducing host mRNAs degradation 

(Kamitani et al. 2006). The cleaved form of NSP2 is reported to have still unknown, unessential function 

in the production of infectious particles (Graham et al. 2006). Besides its role as a proteinase, the multi-

domain NSP3 has an important deubiquitinating and reversal of protein ADP-ribosylation functions 

making it a major antagonist of host immune signaling (J. Lei, Kusov, and Hilgenfeld 2018; Russo et 

al. 2021). An additional role of NSP5 has been reported in modulating the host immune response through 

interacting with histone deacetylase 2 (HDAC2), an epigenetic regulator known to play a role in the 

expression of inflammatory genes (Gordon et al. 2020).  

Together with NSP3 and NSP4, NSP6 contributes to the formation of the double-membrane vesicles 

(DMVs) through an incompletely understood mechanism that partly involves components of the 

autophagosome biogenesis (Cottam et al. 2011).  

To replicate the viral genome several NSPs close cooperate to achieve this mission. Central for this 

collaboration is a canonical, primer-dependent, viral RNA-dependent RNA polymerase (RdRp) domain 

residing in the c-terminal of NSP12 and a complex of NSP7 and NSP8 acting as cofactors (te Velthuis, 

van den Worm, and Snijder 2012). Wherein this complex, NSP8 acts as a 3′-Terminal 

Adenylyltransferase (Tvarogová et al. 2019.). 

Although reports of its importance for viral replication are numerous, NSP9 has been identified as an 

RNA-binding protein with yet an unconfirmed function. The protein has also been recently reported to 

be a target of the nidovirus RdRp associated nucleotidyl transferase  (NiRAN) domain of NSP12 for 

nucleoside monophosphate (NMP) transfer (NMPylation) (Slanina et al. 2021). In the category of NSPs 

with still unknown functions falls also the small NSP11 (Gadhave et al. 2021).  

The formation of a cap on the five prime end of the viral mRNA is an essential step for immune evasion 

(Park et al. 2022). This still-under-investigation step is performed through the action of multiple NSPs. 

To form the cap, NSP14 and NSP16 act as guanine-N7-methyltransferase and 2′-O-methyltransferase, 

respectively while NSP13 function as an RNA 5′-triphosphatase (V’kovski et al. 2021). In this process 

NSP10 acts as a cofactor (V’kovski et al. 2021). 



19 
 

In addition to the above-mentioned function in cap formation, NSP14 acts as an exonuclease with RNA 

proofreading capabilities (Ogando et al. 2020). NSP13 belongs to 1B helicase superfamily that catalyzes 

the unwinding of double-stranded DNA or RNA (Newman et al. 2021). 

CoV structural proteins, on the other hand, are translated from nested sub-genomic mRNAs. The spike 

(S) protein which contains the receptor binding domain (RBD) is responsible for initiating contact with 

the host receptor and the eventual fusion with the host plasma membrane (Z. Li et al. 2019). 

Additionally, for some CoV, the S protein is displayed on the surface of the host cell and induces the 

fusion of infected cells with nearby uninfected cells, facilitating the spread of infectious particles (Qian, 

Dominguez, and Holmes 2013a). 

The envelope (E) protein is the smallest of the structural proteins (Yadav et al. 2021, 19). It consists of 

about 100 amino acids and function as an ion channel and integral part of the viral envelope, contributing 

to the assembly and release of the virions (Schoeman and Fielding 2019). 

The membrane (M) protein is composed of about 220–260 amino acids (Satarker and Nampoothiri 

2020). Aside from its integral role in the assembly of the virion, the M protein is reported to modulate 

host immune response through interacting with IKKβ, one of the two protein kinases that phosphorylate 

the IBα protein, which is the most powerful inhibitor of the innate immunity regulator NF-κB (Fang et 

al. 2007). 

The nucleocapsid (N) protein is an RNA-binding protein that forms the core of the virus. The N protein 

is expressed abundantly in the infected cells, including the nucleus (McBride, Van Zyl, and Fielding 

2014). It plays major roles in viral replication and viral RNA synthesis, host immune response 

modulation through antagonizing type I interferon pathways and contributes to the virus-induced 

cellular stress response through interacting with other viral and host proteins (McBride, Van Zyl, and 

Fielding 2014; Mu et al. 2020, 2).   

1.1.3 Coronaviruses replication cycle 

The completion of a successful CoV replicative cycle requires an intricate interplay between multiple 

host factors and signaling pathways, and viral proteins. The replication cycle of CoV starts with the 

attachment of the S protein to the host receptor. Different CoV utilize different host receptors. For 

instance, HCoV-229E uses aminopeptidase N (ANPEP) while SARS-CoV-2 uses angiotensin-

converting enzyme 2 (ACE2) (Vijgen et al. 2004; Masre et al. 2021). Once this attachment is established, 

a series of conformational changes and cleavages by host proteases (e.g. type II transmembrane protease 

serine 2, TMPRSS2) takes place to expose the receptor binding domain (RBD)  (Hoffmann et al. 2020). 

This eventually lead to the fusion of the viral and host membranes and hence viral entry (Hoffmann et 

al. 2020). Alternatively, CoV can entre via the endosomal route (Kawase et al. 2009). Subsequently, the 

viral core consisting of genomic RNA coated with the N protein will be released into the cytoplasm 

(V’kovski et al. 2021, 2). Once uncoated, the positive strand, capped and polyadelanted viral gRNA is 
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ready for direct translation by host ribosomes. The two modes of translation, continuous and 

discontinuous, will proceed to produce the above-mentioned NSPs, structural proteins and accessory 

proteins, collectively referred to as the replication-transcription complex (RTC).   

To replicate the viral gRNA, CoV induce the formation of replicative organelles to which RTC attaches 

and synthesis the viral genome (van Hemert et al. 2008). The replicative organelles are composed of 

convoluted membranes (CMs) and double membrane vesicles (DMVs), most likely derived, at least in 

part, from the endoplasmic reticulum membrane (Netherton and Wileman 2011; Knoops et al. 2008; 

Klein et al. 2020). These structures might function as a spatial place where the gathering and 

organization of different viral factors important to produce mature infectious particles occur and, 

additionally, shield them from recognition by host defense mechanisms  (Malone et al. 2022; Romero-

Brey and Bartenschlager 2016; Klein et al. 2020). Specifically, the synthesis of the viral genome 

produces double stranded RNA and negative strand RNA; these intermediate products are recognized 

by host immune surveillance components as foreign entities require clearing. Hence, another possible 

benefit of such subcellular structures might be to shelter these intermediate products (Wong et al. 2021). 

With all the important components of a mature infectious particle are produced, the assembly of the new 

virions take place at the ER/Golgi intermediate compartment (ERGIC) (Sicari et al. 2020). As previously 

mentioned, the M protein plays a pivotal role in this process by acting as a general scaffold and recruiter 

of other structural proteins leading to their incorporation in the newly-formed virion. The assembly 

process is finalized by the incorporation of the plus, single-stranded viral genomic RNA (+ssgRNA) 

tightly bound to it the nucleocapsid protein (de Haan et al. 1998; D. X. Liu, Liang, and Fung 2021). 

The budding process is shown to be effectuated through different routes depending on the CoV in 

question. Some CoV exit the infected cell through exocytosis while others (including MHV and SARS-

CoV-2) utilize lysosomal trafficking pathways (V’kovski et al. 2021). Figure 4 offers a schematic 

summary of the CoV replication cycle.  
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Figure 4: CoV replication cycle. 
A schematic representation of a general CoV replication cycle. See text above for details. ERGIC: endoplasmic 

reticulum–Golgi intermediate compartment. 

 

The reliance of CoV on the ER membrane to form the DMVs and CMs leads to perturbation of 

physiological ER structure, its depletion and invocation of ER stress and the unfolded protein response 

(UPR). CoV replication can also lead to the modulation of NF-κB pathways and activation of JNK and 

p38 MAPK pathways (Poppe et al. 2017). Interestingly, multiple studies have indicated a convergence 

and cross-talk between the UPR and NF-κB pathways through the action of multiple transcription factors 

including ATF4, ATF3, CCAAT/enhancer-binding and NF-κB subunits (Schmitz et al. 2018; Poppe et 

al. 2017).  

On the other hand, utilizing the lysosomal trafficking route to exit the infected cell necessitates the 

tampering of the virus with lysosomal acidification, which in turn alter the process of autophagy flux 

(S. Ghosh et al. 2020).  

Both of these major cellular pathways (UPR and autophagy) and their modulations by CoV infection 

will be the topic of the upcoming sections.   

 

1.2 The endoplasmic reticulum (ER)  

The ER is a large cellular organelle where the biosynthesis (of about 30 % of all proteins) and folding 

of newly synthesized or misfolded polypeptides takes place (Braakman and Hebert 2013). It also 

functions as a major site for calcium storage and lipid synthesis (Malek et al. 2021). It consists of a 

dynamic, elaborate network of membranes, referred to as cisternae, extensively interconnected by 
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tubules through which proteins (and other substances) translocate (Schwarz and Blower 2016). The ER 

can be subdivided into two distinct regions based on their appearance, a rough ER dotted with ribosomes 

and smooth ER lacking their presence (Sanvictores and Davis 2022).   

Membranous and secreted proteins are mainly synthesized and folded in the ER (Teske, Baird, and Wek 

2011). The translation of these proteins starts at a free ribosome in the cytosol until a signal sequence is 

encountered and translated (Schaletzky and Rapoport 2006). This signal sequence induces the 

translocation and the docking of the ribosome-mRNA-(partial) nascent-polypeptide complex to the 

surface of the ER membrane (Walter and Johnson 1994).  

After being released from the translating ribosome, the life cycle of these proteins starts in the ER lumen 

as a chain of unfolded polypeptide. To function properly, the polypeptide needs to be folded correctly. 

Multiple ER chaperones assume this function (Braakman and Hebert 2013). The quality of the outcome 

of the folding process is closely monitored by an ER surveillance system termed ER quality control 

(ERQC) (Araki and Nagata 2011). If the folding process fails at producing the intended functional three-

dimensional confirmation, another process named ER-associated degradation (ERAD) assume the 

function of degrading these aberrant proteins through proteasomal pathways (Vembar and Brodsky 

2008).  

Calcium acts as a signaling molecule and is involved in multiple vital biological processes including the 

proper folding, functioning and localization of proteins (Torres et al. 2011). The ER acts as a major 

storage site for intracellular calcium. The ER regulates the levels of intracellular calcium concentrations 

(including its cytosolic concentration) using multiple calcium channels and calcium-releasing receptors 

(Santulli et al. 2017). Of relevance to this study, are the sarcoendoplasmic reticular calcium ATPases 

(SERCAs),  which function as ion pumps or  major transporters of leaked calcium from the cytoplasm 

back to the ER (Tong, Evangelista, and Cohen 2010). More on this pump will be discussed in the section 

related to thapsigargin. 

Another important function of the ER is the manufacturing and modification of membrane lipid. This 

process occurs at the ER-Golgi intermediate compartment (ERGIC), from which they will be distributed 

to their destined locations (Ge et al. 2013).   

As delineated above, the extensive involvement of the ER in the synthesis, folding, routing and 

degradation of large portion of the cell proteome is very well documented (Oikonomou and Hendershot 

2020). Any large, unexpected, influx of misfolded or unfolded proteins can result in an imbalance 

between the capacity of the ER folding machinery and the incoming proteins. This imbalance will trigger 

ER stress and will require the activation of a set of pathways to counter it and restore a homeostatic ER. 

These pathways are termed the unfolded protein response (UPR). ER stress and UPR will be the topic 

of the next section.  
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1.2.1 ER stress and the unfolded protein response (UPR) 

Many external or internal events can trigger ER stress and the accumulation of unfolded/misfolded 

proteins. Examples of such events can be deficiencies in degradation pathways (proteasomal and/or 

lysosomal, autophagic), nutritional deprivation, energy and oxygen level reductions, calcium level 

fluctuations or inflammation (M. Wang and Kaufman 2016). Faced with influx of unfolded or misfolded 

proteins due to these (patho-) physiological events, the stressed ER will activate set of genetic programs 

and pathways (the UPR) to slow down this influx, try to correctly fold the already-produced proteins, or 

degrade those whose folding attempts terminally failed (Shapiro et al. 2016). If these measures fall short 

of restoring proteostasis, a prolonged UPR activation will switch the response from being adaptive to 

apoptotic (M. Wang and Kaufman 2014).  

UPR pathways are heavily involved in multiple pathological conditions including diabetes, cancer and 

viral replication (Schmitz et al. 2018). For instance, tumor cells are metabolically very active and divide 

far more often than a normal cell does. This increase the demand to produce and fold more proteins than 

usual, leading to the overwhelming of the ER folding capacity and hence a sustained activation of the 

UPR (Benedetti et al. 2022). Nevertheless, cancer cells evolved mechanisms to exploit this prolonged 

activation of UPR to promote tumor development at all of its known stages rather than the usual 

switching to the apoptotic mode (Madden et al. 2019).  

Viral infection is another example of an external event that triggers ER stress and UPR activation. By 

their nature, viruses are obligate intracellular parasites. To complete their replicative cycle, viruses either 

exploit, counter or modulate host factors and pathways including the UPR (Chan 2014). UPR activation 

can either serve an anti-viral purpose through the modulation of immunity and inflammation pathways 

or can be exploited to promote viral infection (Grootjans et al. 2016). Initial transcriptomic studies in 

our group indicated that HCoV-229E infection triggers cellular changes associated with a form of UPR 

activation (Poppe et al. 2017). These changes were seen as deregulation of multiple genes products 

involved in ER stress signaling (Poppe et al. 2017). To understand how CoV modulate UPR to their 

advantage, a closer look at the components through which the ER monitor and respond to any abnormal 

functioning or influx of unfolded proteins is necessary.  

The UPR operates through the activity of three ER transmembrane sensors. These are protein kinase 

RNA-like endoplasmic reticulum kinase (PERK; also called EIF2AK4), inositol requiring enzyme-1A 

(IRE1α; also called ERN1), and activating transcription factor 6 (ATF6) (C. Li et al. 2018). Under 

normal conditions, a chaperone called binding immunoglobulin protein (BiP, also called GPR78 or 

HSPA5) binds to the luminal domains of PERK or IRE1α in their monomeric forms and to ATF6 

resulting in their deactivation. An abnormal influx of unfolded or misfolded proteins to the lumen of the 

ER will result in an increased demand for BiP to attend to these proteins, which results in its dissociation 

from the three sensors. This dissociation results in an indirect activation of the three sensors, and 

subsequently the activation of their downstream pathways and genetic programs (A. S. Lee 2005). PERK 
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and IRE1α activation is effectuated through oligomerization, trans(auto)-phosphorylation and 

conformational changes while ATF6 is activated by sequential proteolysis (Gardner et al. 2013). 

Intriguingly, IRE1α activation can also occur because of direct interaction between unfolded proteins 

and the ER-luminal amino-terminal side of the sensor (Gardner and Walter 2011). 

The now activated serine/threonine kinase domain of PERK can phosphorylate the alpha subunit of the 

eukaryotic initiation factor 2 (eIF2) at serine 51 (Cui et al. 2011). Under normal conditions, the 

dephosphorylated eIF2α binds GTP and tRNA-methionine forming a ternary complex required for the 

initiation step of translation and the transfer of tRNAMet to the 40S subunit of the translating ribosome 

(Y. Liu et al. 2020). Completion of this initiation step is finalized by the hydrolysis of the GTP bound 

to eIF2 to GDP and the release of the eIF2-GDP complex from the ribosome for another round of pairing 

with tRNAMet (Y. Liu et al. 2020). However, the re-pairing of eIF2-GDP to tRNAMet requires exchange 

of GDP to GTP, a step that is accomplished by the binding of eIF2-GDP to eIF2B (Kershaw et al. 2021). 

The phosphorylation of eIF2 on its alpha subunit by one of the four known eIF2 kinases (HRI, PKR, 

PERK, and GCN2) results in a sequestration of its binding to eIF2B (Donnelly et al. 2013). This will 

halt the recycling process of eIF2 and as a result, impairing the translation initiation step and imposing 

a general translation shutdown (Donnelly et al. 2013). 

Under stress conditions, a set of mRNAs escape this translational shutdown as a virtue of a 5 prime 

upstream ORF. This ORF induces a switch of usage from canonical translation initiation factors to non-

canonical ones, namely eIF2D and DENR (Vasudevan et al. 2020). A prominent example of such mRNA 

is that of ATF4 (also called CREB2). ATF4 is a major regulator of ER stress-related genes and processes, 

including anti-oxidant response, amino acid metabolism, autophagy and the pro-apoptotic DNA 

damage-inducible transcript 3 (DDIT3, also called GADD153 or CHOP) (Grootjans et al. 2016). 

Together with ATF4, DDIT3 induces the expression of growth arrest and DNA damage inducible 

protein 34 (GADD34), a negative regulator of eIF2α phosphorylation (Novoa et al. 2001).   

The cytosolic side of IRE1α possesses a serine/threonine kinase domain and a carboxyl-terminal 

ribonuclease (RNase) domain (Adams et al. 2019, 1). Once activated, the RNase domain of IRE1α 

splices a 26-nucleotide fragment from its substrate, the unspliced X-box binding protein 1(XBP1) 

mRNA, producing a transcripit encoding a functional transcription factor (Cox and Walter 1996). The 

spliced XBP1 protein upregulates a set of genes aimed at increasing ER folding capacity (molecular 

chaperones, including BiP, and protein-folding enzymes) and genes related to ER quality control, 

making this transcription factor a promotor of cell survival (Travers et al. 2000; A.-H. Lee, Iwakoshi, 

and Glimcher 2003).  

Furthermore, IRE1α is involved in a process termed regulated IRE1-dependent decay of mRNA (RIDD). 

This process disposes of certain mRNAs located in the ER through cleaving them at specific sequences 

that resemble XBP1 splicing sites, followed by their degradation by exoribonucleases (Hollien and 

Weissman 2006). At earlier stages of the UPR, RIDD can be part of the adaptive response of the UPR 
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by reducing the burden of newly synthesized proteins. Nevertheless, extended activation of IRE1α 

RNase domain induces RIDD to target microRNAs that inhibit apoptosis and the mRNA of BiP, 

switching this process from pro-survival to pro-apoptotic one (Han et al. 2009). 

Unlike PERK and IRE1α, The dissociation of BiP from ATF6 luminal domain leads to its translocation 

to Golgi apparatus where its activation proceeds through a series of proteolytic cleavages effectuated by 

site-1 and site-2 proteases (S1P and S2P) (Shen and Prywes 2004, 6). The outcome of this process is the 

liberation of the bZip transcription factor domain residing in the cytosolic, amino-terminal side of ATF6 

(Hillary and FitzGerald 2018). The released active transcription factor transfers to the nucleus and binds 

to the ER stress response element (ERSE), leading to the activation of multiple UPR related genes 

(Gardner et al. 2013; Yoshida et al. 1998). Given that ATF6 was not part of this work, henceforward, it 

will only be mentioned succinctly and when the context demands. 

Downstream from PERK (and possibly IRE1α) pathways, an ER stress-induced transcription factor 

named ATF3 with yet poorly understood relevance and functions especially in CoV replication. ATF3 

is a transcription regulator, that is part of the ATF/ cAMP response element-binding (CREB) protein 

family of transcription factors with reported induction as a result of various (patho-) physiological 

signals including inflammation and CoV infection (Poppe et al. 2017; G. Liang et al. 1996). The 

consensus sequence on the target genes promoters to which ATF3 binds is TGACGTCA (Thompson, 

Xu, and Williams 2009). Nevertheless, ATF3 can bind other sequences including TTGCATCA on the 

promoter of GADD153 leading to its repression (Wolfgang et al. 1997). Similar to other member of 

ATF/CREB family, ATF3 has a leucine zipper region through which it binds DNA and form homo- or 

hetero-dimers with other members of this family including ATF2 and JUND (Thompson, Xu, and 

Williams 2009). The functions carried out by the new complex can be either activation, repression or 

are independent from ATF3 role as a transcription regulator. Example of such hetero-complex is the 

heterodimerization of ATF3 and JUN, which results in activating the transcription of the target genes  

including Interferon gamma (IFNG)(Danzi et al. 2018; Filén et al. 2010).  

Another way ATF3 can alter its transcriptional activity is through posttranslational modification.  For 

instance, the SUMOylation of ATF3 on lysine 42 is essential for effective repression of TP53 gene (also 

known as P53, a well-known regulator of cell division and tumor proliferation) (C.-M. Wang et al. 

2013). On the other hand, ATF3 is known to establish protein-protein interactions with TP53 to prevent 

its ubiquitination and subsequent degradation by the proteasome (Yan et al. 2005). 

ATF3 has also been reported to be involved in the modulation of the immune system including the 

regulation of multiple inflammatory genes transcription and gene products functions (Thompson, Xu, 

and Williams 2009). For instance, ATF3 inhibits the expression of IL-6 up-regulator CEBPδ leading to 

IL-6 down regulation (Thompson, Xu, and Williams 2009; Litvak et al. 2009). Figure 5 summarizes the 

functioning of these sensors graphically.  
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Figure 5: The three branches of UPR. 
A schematic representation of the three sensors of UPR, their activation and some of their downstream pathways. 

See text above for details. Worth to note here that these sensors crosstalk intimately with each other (Chang et al. 

2018). For sake of simplicity, these cross-talking pathways were omitted.  

 

Inducing ER stress and the subsequent activation of the UPR pathways can be achieved chemically 

through the treatment of investigated cellular models with compounds such as tunicamycin, 

dithiothreitol (DDT), thapsigargin and others. These pharmacological inducers of ER stress can be used 

as a reference to study and compare the activation of UPR as a result of different biological conditions 

(including viral infection), and amongst different cellular models (Oslowski and Urano 2011; Bergmann 

et al. 2018). In the case of viral infection, the usage of UPR inducers and inhibitors can give the chance 

to assess whether the induction of UPR is protecting the host or promoting viral replication. Chemical 

inducers of ER stress, with focus on thapsigargin, were discussed in the next section. 

 

1.2.2 Chemical inducers of ER stress and the UPR 

The induction of ER stress through pharmacological compounds proceed through interfering with an 

essential step required either for the correct folding or for the elimination of misfolded proteins, leading 

to their accumulation and activation of UPR. For instance, Tunicamycin inhibits glycosylation, an 

important process involved in correct folding of proteins and quality control (C. Xu and Ng 2015), while 

DDT blocks the formation of disulfide-bond leading to the missfolding of newly synthesized proteins 

in the ER but also in the cytosol (Y. Wang et al. 2020; Cleland 1964).  
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Thapsigargin, a compound that is extracted from a plant called Thapsia garganica, depletes the 

endoplasmic calcium through a specific, non-competitive, covalent and irreversible binding to the 

SERCA pump leading to a malfunctioning in several ER chaperones that depend on calcium for their 

activities (Shaban, Mayr-Buro, et al. 2022).  

Under normal conditions, a massive difference in calcium concentration between the lumen of the ER 

(>100 μM) and the cytosol (around 100 nM) can be observed (Samtleben et al. 2013). The calcium in 

the ER lumen can temporary leak to the cytosol through several ER calcium channels. The brief increase 

in the cytosolic calcium leads to the activation of several calcium-dependent enzymes, and to an increase 

in ATP production in the mitochondria (Mekahli et al. 2011). The SERCA pumps assume the 

responsibility of transferring back the leaked calcium into the lumen of the ER, further sustaining this 

massive difference in calcium concentration (Isaacs et al. 2021; Schwarz and Blower 2016). 

Within short time of its entry into the cell, thapsigargin binds a region in SERCA formed by multiple 

transmembrane helices, namely TM3, TM4, TM5 and TM7 (Shaban, Mayr-Buro, et al. 2022). This 

interaction is further stabilized by hydrophobic interactions with residues F256, L260, V263, Ile761, 

V769, I829, F834, and M838 (Shaban, Mayr-Buro, et al. 2022). The result of thapisgargin binding is a 

potent inhibition of the pump, a subsequent disruption of the calcium gradient, and diminishing the ER 

capacity to fold protein properly (through impairing calcium-dependent ER chaperones) leading to a 

prolonged activation of pro-apoptotic UPR (Shaban, Mayr-Buro, et al. 2022).   

Worth noting here that the UPR induced by these chemical compounds has been proven to have distinct 

characteristics from that induced by loading the ER with unfolded proteins (Bergmann et al. 2018). 

Additionally, multiple lines of research have indicated that the induction of ER stress can lead to the 

activation of autophagy (Yorimitsu et al. 2006; Ciechomska et al. 2013). Nevertheless, thapsigargin has 

been shown to block the fusion of autophagosomes with lysosomes, an essential step for the completion 

of autophagy flux cycle, without affecting the endocytic system, leading to an arrest in autophagy flux 

(Ganley et al. 2011).  

In the next chapter, the concept of autophagy flux and its implication and connection to viral replicative 

cycle and ER stress will be discussed in more details.  
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1.3 Autophagy 

First coined by “Christian de Duve”, the term Autophagy means “self-eating” and it refers to a process  

by which the cell degrade and recycle its own components or materials from foreign invaders (de Duve 

et al. 1955).  

The field of autophagy received a major advancement after the discovery and characterization of 

multiple essential autophagy-related genes (ATGs) in yeast by Yoshinori Ohsumi’s laboratory. To 

uncover these genes, Ohsumi followed a genetic screening approach (Tsukada and Ohsumi 1993). This 

advancement uncovered an extensive involvement of autophagy in multiple important (patho)-

physiological processes including the UPR, immune response, certain neurodegenerative diseases, and 

the replicative cycle of many viruses (e.g. the human immunodeficiency virus, HIV), amongst others 

(Dikic and Elazar 2018; Nardacci et al. 2017).  

The process of autophagy depends on the shipment of cargo destined for degradation to the lysosome 

through three known sub-processes; namely, chaperone-mediated autophagy, microautophagy, and 

macroautophagy (Parzych and Klionsky 2014). Chaperone-mediated autophagy (CMA) depends on the 

selective delivery of certain targeted proteins, that functions might not be needed anymore, to the 

lysosome through binding to a chaperon protein (Kaushik and Cuervo 2018).  Microautophagy proceed 

through a direct, random, capturing of material in the cytoplasm by the lysosome (Schuck 2020). 

Microautophagy is mediated by invaginations in the lysosomal membrane (Schuck 2020). 

Macroautophagy, hereafter referred to as autophagy, is the most investigated type of autophagy and the 

subject of characterization in this study. Autophagy is effectuated through the biogenesis of double-

membrane vesicles (called autophagosomes) that sequester cargo destined for degradation (Mijaljica, 

Prescott, and Devenish 2012). Mature autophagosomes fuse with the lysosomes, forming autolysosomes 

in which their contents are degraded (Klionsky, Eskelinen, and Deretic 2014). The engulfed cargo in the 

autophagosomes can be endogenous (e.g. dysfunctional organelle) or exogenous (e.g. invading 

pathogens). Unlike CMA, the selectivity of autophagy is context-dependent. For instance, autophagy 

can proceed in a non-selective manner when the cell is under starvation where the target cargo is the 

bulk of the cyctoplasm. Alternatively, selective autophagy can be induced to recycle unwanted 

organelles, including the ER (ER-phagy) or the mitochondria (mitophagy) or invading pathogens 

(xenophagy) (Feng et al. 2014).  

Although each of the sub-types of autophagy (ER-phagy, mitophagy, xenophagy...etc) operates through 

unique components, they still all share a common core machinery that leads to the formation of the 

autolysosome (Xie and Klionsky 2007). In the next section, this core machinery and the concept of 

autophagy flux will be discussed.  
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1.3.1 The formation of autolysosome and autophagy flux measurement  

 
The formation of the autolysosome starts with the biogenesis of autophagosomes. In mammalian cells, 

upon inhibition by a relevant signal (e.g. stress or starvation), the mechanistic target of rapamycin 

complex 1 (mTORC1) is no longer able to phosphorylate and inhibit the autophagy initiators ULK1 

complex and ATG13 (Rabanal-Ruiz, Otten, and Korolchuk 2017). Once activated, the ULK1 complex 

(including ATG13,) acts as a scaffold to recruit and modulate the activities of further autophagy factors 

including AMBRA1 (Nazio et al. 2013). AMBRA1 phosphorylation leads to the activation of the 

PI3KC3 complex (composed of Beclin1, VPS34, VPS15 and ATG14L) through interacting with Beclin1 

(Nazio et al. 2013). The membrane of the autophasomes can be derived from different membranous 

organelles including the ER and the ERGIC (Ge et al. 2013). Activated VPS34 infix a phospholipid, 

called phosphatidylinositol-3-phosphate (PtdIns3P) onto certain regions of these membranes creating 

what is referred to as isolation membranes or phagphores. The phospholipid on the phagphores acts as 

beacon for the recruitment of further factors including the WD repeat domain phosphoinositide-

interacting proteins WIPIs (Nascimbeni, Codogno, and Morel 2017). This recruitment leads to further 

elongation of the phagphores until they morph into cup-like curved structures. 

 

The next steps depend on two ubiquitin-like (UBL) systems. Once attached to the phospholipid on the 

phagophore, the WIPIs recruit ATG16L1 complex (Strong et al. 2021). To form this complex, the cell 

relies on an UBL conjugation system that involves the conjugation of UBL molecule, ATG12, to ATG5 

(Kaiser et al. 2012). This process is carried out through the action of ATG7 and ATG10 mimicking the 

actions of E1 (ubiquitin-activating) and E2 (ubiquitin-conjugating) enzymes respectively (Kaiser et al. 

2012). The resulting conjugated molecule of ATG5-ATG12 binds to the ATG16L1 molecule.  LC3 is 

the second crucial UBL molecule that is C-terminally cleaved by ATG4B protease, exposing a glycine 

120 residue that is important for the next conjugation step (Satoo et al. 2009). The cleaved LC3-I is then 

subjected to an UBL conjugation reaction through the action of ATG7 (E1) and ATG3 (E2). The 

ATG16L1 complex subsequently acts as an E3 ubiquitin-protein ligase and transfers 

phosphatidylethanolamine (PE) to LC3-I on the exposed glycine. The now lipidated LC3-I molecule 

(called LC3-II) can cover large areas of the inner part of the forming phagphore and plays multiple roles 

in the autophagy process including the further extension of the phagphore, bulk engulfment of 

cytoplasmic materials and the overall formation of the mature autophagosome (Choi, Bowman, and Jung 

2018; Runwal et al. 2019; Kabeya et al. 2000). LC3-II is also involved in selective autophagy through 

interacting with the LC3-interacting region (LIR) of cargo receptor proteins such as p62 (also called 

sequestosome1, SQSTM1) (Putyrski et al. 2020). Through its ubiquitin acceptor (UBA) domain, p62 

selectively bind materials destined for degradation by an ubiquitin tag and sequester them to the growing 

phagphore. Hence, p62 carries out this mission through acting as an intermediate (adaptor) molecule 

between the cargo and LC3-II molecules present on the inner membrane of the phagphore (Johansen 

and Lamark 2011). Addationally, p62 contanis a TRAF6 binding (TB) domain that regulates the 
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activities of TRAF6 (E3 ligase) resulting in an enchanced oligomerization and polyubiquitination 

activities of this E3 enzyme (Chen et al. 2020). 

Once the extension of the phagophore and the engulfment of the to-be-degraded materials has been 

finalized, the mature autophagosome fuses with the lysosome forming an autolysosome. The fusion 

machinery is composed of multiple complexes and factors including the SNARE complex (Y. Wang et 

al. 2016). This complex is composed of a group of proteins that assume the generic function of 

intercellular membrane fusions through a mutual interaction between SNARE proteins present on both 

merging membranes, bringing them together and eventually causing their merger (Nakatogawa 2020). 

After the formation of the autolysosome, the captured materials inside of this structure will be now 

accessible to the swarm of lysosomal enzymes. The optimal functioning of these hydrolytic enzymes 

intimately relies on the acidification of the autolysosome and hence any impairment of this process 

results in arrested autophagy and accumulation of dysfunctional autolysosomes (J.-H. Lee et al. 2022). 

The acidification of the autolysosome proceeds through the action of V-ATPase pumps that transfer 

protons into the lumen of the autolysosomes (and other membranous compartments) resulting in the low 

pH environment required for their functioning (Song et al. 2020). If completed successfully, the products 

of the degradation process are then released and recycled, completing the process of “self-eating” (Yim 

and Mizushima 2020; Mauvezin et al. 2015; Khandia et al. 2019). Figure 6 summarizes the process of 

autolysosome formation graphically. 
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Figure 6: Autolysosome formation. 
A schematic representation of the different stages of autolysosome formation. See text above for details.  

 

The process described above, from the formation of the autophagsome, the fusion with lysosome and 

the final degradation of engulfed cargo, results in highly dynamic cycles of synthesis and degradation, 

that are summarized by the term autophagy flux. Given their early involvement and subsequent 

degradation within the autoplysome, the turnover of both LC3-II and p62 is used to calculate the rate of 

autophagy flux (Yoshii and Mizushima 2017).  

Assessing autophagy flux using these factors can be done through comparing their levels on Western 

blotting in the presence or absence of an autophagy flux blocker. One such blocker is bafilomycin A1, 

which acts as an inhibitor of the V-ATPases pumps and hence the acidification of the autophagsome. 

The accumulation (or lack thereof) of these factors is used to calculate the rate of degradation that would 

have occurred if the autophagy flux was not blocked. Hence, this method provides an indirect estimate 

of the flux under normal conditions (steady-state) or in the presence of autophagy-inducing or -

suppressing signal (Yoshii and Mizushima 2017). One of the best-understood inducers of autophagy 

flux is starvation, which uses this process to recycle intracellular materials in the absence of sufficient 

nutrients (Kankuan et al. 2017). 

Another way to measure autophagy flux is through using fluorescently labeled antibodies. Thereafter 

Fluorescence microscopy can be used to count and compare the numbers of LC3-II and p62 puncta 

(resembling autophagosomes) in the presence or absence of an autophagy flux blocker. The increase in 

the puncta usually reflects the number of autophagosomes that would have been degraded if the flux 

was not blocked (Loos, du Toit, and Hofmeyr 2014; Yoshii and Mizushima 2017).  

Alternatively, the expression of a chimeric protein consisting of monomeric red fluorescent protein 

(mRFP), green fluorescent protein (GFP) and LC3 in tandem can be used to visualize autophagy flux. 

The methods relies on quenching the green signal of the GFP fluorescence and the stability of the red 

signal of the mRFP under acidic conditions presents in the autolysosome. The change of acidity 

accompanying the different stages of autophagy flux from autophagsomes to autolysosomes formations 

can be then visualized as change in the color of this construct (Kimura, Noda, and Yoshimori 2007). 

 

1.3.2 The role of autophagy in viral infection  

The involvement of autophagy in viral replication and host defense is multifaceted and can be both anti- 

or pro-viral. Moreover, the meachanims by which CoV induce autophagy is still largely poorly 

understood (Zhenyu Zhao et al. 2021). 

For instance, several studies indicated an extensive involvement of the selective autophagy cargo-

receptor p62 in targeting essential viral components for degradation. A prominent examples of such 
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targeting are that of Tat protein (an essential factor for activating the transcription of the integrated viral 

DNA) of HIV in HEK293T cells and the capsid protein of Sindbis virus (SV) to the autophagosome 

(Sagnier et al. 2014; Orvedahl et al. 2010; Ahmad, Mostowy, and Sancho-Shimizu 2018). 

Another way by which autophagy can play an anti-viral role is through modulating innate and adaptive 

immunity. The first cellular line of defense against invading pathogens includes receptors (called pattern 

recognition receptors, PRRs) that recognize specific viral elements (called pathogen-associated 

molecular patterns, PAMPs) and subsequently activates anti-viral interferon response (Amarante-

Mendes et al. 2018). Autophagy can regulate this response through either inducing and amplifying it 

(by delivering PAMPs to PRRs) or terminating aspects of this response (through actively degrading 

some of its components)(Choi, Bowman, and Jung 2018).  

As for adaptive immunity, autophagy has been reported to be involved in the process of delivering viral 

antigens to major histocompatibility complex (MHC) class II where they are presented by dendritic cells 

for the T-cell to recognize (Crotzer and Blum 2010). 

On the other hand, multiple studies indicated a beneficial role of autophagy in the replication of several 

RNA viruses. The replication of the genome of these viruses leads to the formation of double-stranded 

and other intermediate RNA molecules that are recognized and degraded by host defense machineries. 

To prevent such recognition, many RNA viruses evolved to induce the formation of double-membrane 

compartments, most likely through exploiting autophagy pathways, in which the replication of the viral 

genome can occur “safely” (Roingeard et al. 2022).  Example of such viruses are Enteroviruses 

(positive-sense single-stranded RNA viruses, example of which is poliovirus) which have been shown 

to induce a pro-viral autophagy response and coronaviruses (Lennemann and Coyne 2015; Maity and 

Saha 2021). Worth noting here is that these double membrane structures also serve (as discussed above) 

an important role in assembling viral proteins required for the replication of the genome.  

Finally, a successful completion of a viral replicative cycle requires the budding of the virions from the 

infected cell. Viruses evolved to exploit the exocytotic machinery, which is intimately connected to 

autophagy pathways especially in aspects related to membrane formations and fusions. Examples of 

such exploitation can be seen in picornaviruses and orthomyxoviruses infected cells (Münz 2017). 

Indeed, it has been shown that poliovirus can exit the cells in an autophagosome-mediated manner 

without leading to cell lysis (Sun et al. 2019). In such a process, the virus infection will trigger the 

autophagosomes to fuse with the plasma membrane rather than the canonical fusion with the lysosomes. 

This in turn will cause the release of these virions-loaded vesicular structures into the extracellular 

milieu (Sun et al. 2019). 

Overall, the interplay between autophagy and viral infection is intricate and often proceed in a pathogen 

specific manner, reflecting the evolutionary adaption of each virus (or family of viruses) to its host. 

Hence, investigating this interplay for coronaviruses can yield a plethora of information and novel 
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mechanisms to counter virus infection, a topic that is still largely under-investigated and hence it was 

part of this study.  

The next section summarized the aims of this work. 

1.4 Aims of the study 

From the first major CoV outbreak of SARS-CoV in 2001 to the recent SARS-CoV-2 pandemic 

beginning in early 2020, a considerable amount of research has been conducted with the goal of 

achieving a better understanding of viral replication and its interaction with the host.  

However, the specific roles of ER stress and autophagy in CoV replication remain incompletely 

understood, leaving many aspects and the (therapeutic) potential of these processes to be further 

explored.  

At the outset of this work, previous research in our group and by others had shown that upon CoV 

infection of cell models, the PERK kinase-eIF2α signaling pathway and a subsequent UPR response are 

activated. 

Based on these initial findings, the main objectives of this thesis were to (i) gain deeper mechanistic 

insight into the differential roles of ER stress and autophagy signaling pathways in the replication of 

various human CoV and (ii) pursue the hypothesis that targeting these signaling pathways may provide 

a means to efficiently inhibit CoV replication. 

To this end, pharmacological (using small molecule inhibitors) and genetic (employing CRISPR-CAS-

9-mediated loss-of-function strategies) were used to investigate the roles of the UPR components PERK, 

IRE1α, and ATF3 in CoV replication and the host response. An additional pharmacological intervention 

approach was implemented to chemically activate ER stress (with thapsigargin) or inhibit autophagic 

flux (with bafilmoycin A1) and investigate the consequences on CoV replication and host response. To 

gain further mechanistic and molecular insights at the proteomic level, proteome-wide studies using 

quantitative mass spectrometry and bioinformatics analyses were performed to investigate the impact of 

chemical ER stress on protein levels of infected cells and the interactome of the ER stress effector ATF3. 
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Chapter 2: Materials  

2.1 Cell lines 

Cell Line Origin/Engineered by  Parental or Engineered 

Huh7 Human hepatoma cells (Japanese Collection 

of Research Bioresources (JCRB) cell bank 

(Nakabayashi et al. 1982) 

Parental, a gift from Prof. 

John Ziebuhr 

MRC-5 Human embryonic lung fibroblasts (ATCC, 

CCL-171) 

Parental 

VERO-E6 African green monkey kidney epithelial cells 

(ATCC CRL-1586) 

Parental, laboratory of Prof. 

John Ziebuhr 

HEK293FT Human kidney cells (Thermo Fisher 

Scientific, R70007) 

Parental 

Huh7-pX459-sg1-PERK Engineered by: M.Samer Shaban (M.S.S) CRISPR-CAS9 Engineered, 

this study 

Huh7-pX459-sg2-PERK Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-pX459-sg1+2-PERK Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-pX459-sg3+4-PERK Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

HuH7-pX459-sg1+2+3+4-

PERK 

Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-pX459-sg1+2-IRE1α Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-pX459-sg3+4-IRE1α Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-pX459-sg1+2+3+4-

IRE1α 

Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-pX459-sg1-ATF3 Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-pX459-sg2-ATF3 Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-pX459-EV Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-LentiVirus-sg1-

ATF3 

Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-LentiVirus-sg2-

ATF3 

Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-LentiVirus-sg3-

ATF3 

Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-LentiVirus-sg4-

ATF3 

Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-LentiVirus-sg5-

ATF3 

Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-LentiVirus-sg6-

ATF3 

Engineered by: M.S.S CRISPR-CAS9 Engineered, 

this study 

Huh7-LentiVirus-EV Engineered by: B.Vincent Albert (B.V.A) CRISPR-CAS9 Engineered, 

this study 
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2.2 Bacterial strains 

Strain Name Source Genotype 

XL1-Blue E.coli Thermo Fisher 

Scientific 

F′ Tn10(Tetr) proA +B + laclqΔ(lacZ)M15I recA1 gyrA96 (Nalr) 

tbi-1bsdR17 (r-k m-k) glnV44 relA1 lac 

TOP10 E.Coli Thermo Fisher 

Scientific 

F-mcrAΔ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 recA1 

deoR araD139 Δ(ara-leu)7697galU galK rpsL (StrR) endA1 nupG 

 

2.3 Expression vectors  

Name Source 

pSpCas9(BB)-2A-Puro (pX459) Addgene (#48139) 

pX459-sg1-PERK Cloned by M.S.S, this study 

pX459-sg2-PERK Cloned by M.S.S, this study 
pX459-sg1+2-PERK Cloned by M.S.S, this study 
pX459-sg3+4-PERK Cloned by M.S.S, this study 
pX459-sg1+2+3+4-PERK Cloned by M.S.S, this study 
pX459-sg1+2-IRE1α Cloned by M.S.S, this study 
pX459-sg3+4-IRE1α Cloned by M.S.S, this study 
pX459-sg1+2+3+4-IRE1α Cloned by M.S.S, this study 
pX459-sg1-ATF3 Cloned by M.S.S, this study 
pX459-sg2-ATF3 Cloned by M.S.S, this study 
psPAX2 Addgene (# 12260) 

pMD2.G Addgene (#12259) 

LentiCRISPR V2 Addgene (#52961) 

LentiVirus-sg1-ATF3 Cloned by M.S.S, this study 
LentiVirus-sg2-ATF3 Cloned by M.S.S, this study 
LentiVirus-sg3-ATF3 Cloned by M.S.S, this study 
LentiVirus-sg4-ATF3 Cloned by M.S.S, this study 
LentiVirus-sg5-ATF3 Cloned by M.S.S, this study 
LentiVirus-sg6-ATF3 Cloned by M.S.S, this study 
PERK.WT.9E10.pCDNA  Addgene (#21814) 

IRE1 alpha-pcDNA3.EGFP  Addgene #13009) 

pRK-ATF3  Addgene (#26115) 

pCMV BiP-Myc-KDEL-WT  Addgene (#27164) 

pTet-on_Puro_Myc-BirA (MYC-BirA) A gift of Prof. L. Schmitz 

pTet-on_Puro_HA-miniTurbo (HA-

miniTurbo) 

A gift of Prof. L. Schmitz 

MYC-BirA-PERK Cloned by M.S.S, this study 
MYC-BirA-IRE1A Cloned by M.S.S, this study 
MYC-BirA-BiP Cloned by M.S.S, this study 
MYC-BirA-ATF3 Cloned by M.S.S, this study 
HA-miniTurbo-PERK Cloned by M.S.S, this study 
HA-miniTurbo-ATF3 Cloned by M.S.S, this study 

 

2.4 Oligonucleotides and primers  

All sequences are written in the direction of the 5-prime end to the 3-prime end. 

Red color donates restrictions enzymes sites. 
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se: sense, as: anti-sense. 

Oligonucleotides for cloning EIF2AK3 (PERK) directed sgRNAs into the pX459 vector: 

 

Name Sequence 

sg1_ EIF2AK3_se:     CACCGTGGAGCGCGCCATCAGCCCG 

sg1_ EIF2AK3_as:     AAACCGGGCTGATGGCGCGCTCCAC 

sg2_ EIF2AK3_se:     CACCGCGGTACTCGCGTCGCTGAGG 

sg2_ EIF2AK3_as:     AAACCCTCAGCGACGCGAGTACCGC 

sg3_ EIF2AK3_se:     CACCGTTTCACGGTCTTGGTCCCAC 

sg3_ EIF2AK3_as:     AAACGTGGGACCAAGACCGTGAAAC 

sg4_ EIF2AK3_se:     CACCGAGAAGTGATTCAACTGTGAA 

sg4_ EIF2AK3_as:     AAACTTCACAGTTGAATCACTTCTC 

 

Oligonucleotides for cloning ERN1 (IRE1α) directed sgRNAs into the pX459 vector: 

 

Name Sequence 

sg1_ ERN 1_se:     CACCGTCACCGCCTCGCTGTCGTCG 

sg1_ ERN 1_as:     AAACCGACGACAGCGAGGCGGTGAC 

sg2_ ERN 1_se:     CACCGCCGGTCACTCACCCCGAGGC 

sg2_ ERN 1_as:     AAACGCCTCGGGGTGAGTGACCGGC 

sg3_ ERN 1_se:     CACCGGTGAATCTGGGGACGTCCTG 

sg3_ ERN 1_as:     AAACCAGGACGTCCCCAGATTCACC 

sg4_ ERN 1_se:     CACCGCATGAAGGTCAGATAGCGCA 

sg4_ ERN 1_as:     AAACTGCGCTATCTGACCTTCATGC 

 

Oligonucleotides for cloning ATF3 directed sgRNAs into the pX459 vector: 

 

Name Sequence 

sg1_ ATF3_se:     CACCGTAACCTGACGCCCTTTGTCA 

sg1_ ATF3_as:     AAACTGACAAAGGGCGTCAGGTTAC 

sg2_ ATF3_se:     CACCGGGTGTCCATCACAAAAGCCG 

sg2_ ATF3_as:     AAACCGGCTTTTGTGATGGACACCC 

 

 

Oligonucleotides for cloning ATF3 directed sgRNAs into the LentiCRISPR V2 vector: 

 

Name Sequence 

HGLibA_03436_se: CACCGCTGAGCCCGGACAATACACG  

HGLibA_03436_as: AAACCGTGTATTGTCCGGGCTCAGC  

HGLibA_03437_se:     CACCGCCACCGGATGTCCTCTGCGC  

HGLibA_03437_as:     AAACGCGCAGAGGACATCCGGTGGC  

HGLibA_03438_se:     CACCGGGTGTCCATCACAAAAGCCG  

HGLibA_03438_as:     AAACCGGCTTTTGTGATGGACACCC  

HGLibB_03434_se:     CACCGTATACATGCTCAACCTTCAT  

HGLibB_03434_as:     AAACATGAAGGTTGAGCATGTATAC  

HGLibB_03435_se:     CACCGTGAGTCAACAGCCCATATGC  
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HGLibB_03435_as:     AAACGCATATGGGCTGTTGACTCAC  

HGLibB_03436_se:     CACCGTTCTGGACCCAAAAGGGCCT  

HGLibB_03436_as:     AAACAGGCCCTTTTGGGTCCAGAAC  

 

Primers for PERK (from PERK.WT.9E10.pCDNA vector) sub-cloning into MYC-BirA vector: 

Direction Sequence 

Forward Primer:  TAAGCAGAATTCATGGAGCGCGCCACCCGG 

Reverse Primer: TGCTTACTCGAGCTAGCCAGGCAGTGGCGTG 

 

Primers for IRE1α (from IRE1 alpha-pcDNA3.EGFP vector) sub-cloning into MYC-BirA vector: 

Direction Sequence 

Forward Primer:  TAAGCAGAATTCATGCCGGCCCGGCGGCT 

Reverse Primer:  TGCTTACTCGAGTCAGAGGGCGTCTGGAGTC 

 

Primers for ATF3 (from pRK-ATF3 vector) sub-cloning into MYC-BirA vector: 

Direction Sequence 

Forward Primer:  TAAGCAGAATTCATGATGCTTCAACACCC 
Reverse Primer:  TGCTTACTCGAGTTAGCTCTGCAATGTTCC 

 

Primers for BiP (from pCMV BiP-Myc-KDEL-wt vector) sub-cloning into MYC-BirA vector: 

Direction Sequence 

Forward Primer:  TAAGCAGCTAGCATGAAGCTCTCCCTGGT 
Reverse Primer:  TGCTTACTCGAGTCACAACTCATCTTTTTCTGCTG 

 

Primers for ATF3 (from pRK-ATF3 vector) sub-cloning into HA-miniTurbo vector: 

Direction Sequence 

Forward Primer:  TAAGCAGAATTCATGATGCTTCAACACCC 

Reverse Primer:  TGCTTAGCGGCCGCGCTCTGCAATGTTCCTT 

 

Primers for PERK (from PERK.WT.9E10.pCDNA vector) sub-cloning into HA-miniTurbo vector: 

Direction Sequence 

Forward Primer:  TAAGCAGAATTCATGGAGCGCGCCACCCGG 

Reverse Primer:  TGCTTACTCGAGCGCCAGGCAGTGGCGTG 

 

Primers designed for RT-qPCR detection: 

Direction/Target Sequence 

Forward Primer/EIF2AK3 AGAGATTGAGACTGCGTGGC 
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Reverse Primer/EIF2AK3 TCCCAAATACCTCTGGTTTGCT 

Forward Primer/HCoV-229E S RNA TTTCAGGTGATGCTCACATACC 

Reverse Primer/HCoV-229E S RNA ACAAACTCACGAACTGTCTTAG 

Forward Primer/HCoV-229E nsp8 RNA GCTGTTGCAAATGGTTCCTCAC 

Reverse Primer/HCoV-229E nsp8 RNA GATGCACATTCTTACCATCATTATCC 

 

2.5 Antibodies 

The following primary antibodies were used:   

Antibody Species Source Applications and Dilutions 

Anti-β-actin (C4) mouse Santa Cruz 

(Sc-47778) 

WB: 1:1000 in TBS-T with 5% 

milk  

Anti-PERK (B-5) mouse Santa Cruz 

(Sc-377400) 

WB: 1:1000 in TBS-T with 5% 

milk 

Anti-IRE1α (B-12) mouse Santa Cruz 

(Sc-390960) 

WB: 1:1000 in TBS-T with 5% 

milk 

Anti-CREB-2/ATF4 

(B-3) 

mouse Santa Cruz 

(Sc-390063) 

WB: 1:1000 in TBS-T with 5% 

milk 

Anti-ATF3 (C-19) rabbit Santa Cruz 

(Sc-188) - discontinued 

WB: 1:500 in TBS-T with 5% 

milk 

Anti-SQSTM1/p62 

(D-3) 

mouse Santa Cruz 

(Sc-28359) 

WB: 1:500 in TBS-T with 5% 

milk 

IF: 1:100 

Anti-PERK  rabbit Abcam 

(Ab65142) 

WB: 1:1000 in TBS-T with 5% 

milk 

Anti-BiP (C50B12) rabbit Cell Signaling 

(3177) 

WB: 1:1000 in TBS-T with 5% 

milk 

Anti-eIF2α rabbit Cell signaling 

(9722) 

WB: 1:1000 in tBS-T w/ 5% BSA 

Anti-P (Ser51)-eIF2α rabbit Cell signaling 

(9721) 

WB: 1:1000 in TBS-T w/ 5% 

BSA + 10% NaF 

Anti-LC3B (D11) 

XP® 

rabbit Cell signaling 

(3868) 

WB: 1:1000 in TBS-T with 5% 

milk 

Anti-P 

(Ser724)IRE1α 

rabbit Novus Biologicals 

(NB100-2323) 

WB: 1:1000 in TBS-T w/5% dry 

milk + 10% NaF 

Anti-HCoV-229E N 

protein (1E7) 

mouse Eurofins/Ingenasa 

M.30.HCo.B1E7; Batch 

250609 

WB: 1:500 in TBS-T with 5% 

milk 

Anti-MERS-CoV N 

Protein 

rabbit SinoBiologigal 

(100213-RP02) 

WB: 1:1000 in TBS-T with 5% 

milk 

Anti-SARS-CoV N 

Protein (cross-

reacting with related 

CoV’s) 

rabbit Rockland Inc. 

(200-401-A50) 

WB: 1:2000 in TBS-T with 5% 

milk 

Anti-Puromycin 

[3RH11] 

mouse Kerafast Inc. 

(EQ0001) 

WB: 1:1000 in TBS-T with 5% 

milk 

Anti-double stranded 

RNA (J2) 

mouse SCICONS/Nordic-

MUbio 

(10010200) 

IF: 1:100 

Anti-HCoV-229E 

nsp8 

rabbit Prof. John Ziebuhr WB: 1:500 in TBS-T with 5% 

milk, IF: 1:100 
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Anti-HCoV-229E 

nsp12 

mouse Carsten Grötzinger WB: 1:500 in TBS-T with 5% 

milk, IF: 1:100 

Anti-MYC mouse Cell signaling (2276) 

 

WB: 1:1000 in TBS-T with 5% 

milk 

Anti-HA mouse Roche (115 838 16007) WB: 1:500 in TBS-T with 5% 

milk 

Anti-IκBα   rabbit Cell Signaling 9242 WB: 1:1000 in TBS-T with 5% 

milk 

Anti-Ubiquitin mouse Santa Cruz (#sc-8017) WB: 1:200 in 5% MP/TBST 

 

The following secondary antibodies were used:   

Antibody Species Source Applications and Dilutions 

Anti-mouse 

Immuniglobilins/HRP 

goat Dako WB:1:2500 in TBS-T w/ 5% dry 

milk 

Anti-rabbit 

Immuniglobilins/HRP 

goat Dako WB:1:2500 in TBS-T w/ 5% dry 

milk 

Cy3-coupled anti rabbit IgG donkey Merck Millipore IF final: 1:200 

(pre dilution 1:2  1:100) 

Dylight488-coupled anti 

mouse IgG 

donkey ImmunoReagent IF final: 1:200 

(pre dilution 1:2  1:100) 

Goat Anti-Mouse IgG 

(H+L), Alexa Flour594 

goat Invitrogen IF final: 1:100 

F(ab')2-Goat anti-Rabbit 

IgG (H+L), Alexa Fluor 488 

goat Invitrogen IF final: 1:100 

 

The following reagent was used to detect the Biotin-Streptavidin signal: 

Streptavidin-Horseradish Peroxidase (HRP) from PerkinElmer (NEL750001EA). 

 

2.6 Enzymes 

The following enzymes were used: 

Name Source 

GoTaq G2 Flexi DNA Polymerase Promega (#M7805) 

M-MuLV Reverse Transcriptase Thermo Fisher Scientific EP0352 
Pfu DNA Polymerase Thermo Fisher Scientific EP0571 

Phusion™ High-Fidelity DNA Polymerase Thermo Fisher Scientific F-530XL 

T4 DNA Ligase Thermo Fisher Scientific EL0014 
T4 Polynucleotide Kinase Thermo Fisher Scientific EK0031 
Plasmid-Safe ATP-Dependent DNase Biozym 161010 
DNaseI Thermo Fisher Scientific EN0521 
FastDigest BbsI Thermo Fisher Scientific FD1014 

EcoRI Thermo Fisher Scientific ER0271 

FastDigest XhoI Thermo Fisher Scientific FD0694 

BspOI (BmtI) Thermo Fisher Scientific ER2041 

NotI Thermo Fisher Scientific ER0591 
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Calf Intestinal Alkaline Phosphatase (CIAP) Thermo Fisher Scientific EF0654 

 

2.7 Small molecule inhibitors and inducers 

Name Source Solvent Stock-final concenrations 

Bafilomycin A1 Cayman Chemicals Cay11038 DMSO 1 mM-See figure legends 

Thapsigargin Cayman Chemicals Cay10522-1 DMSO 10 mM-See figure legends 

GSK2656157 Cayman Chemicals Cay17372 DMSO 10 mM-See figure legends 

GSK2606414 Cayman Chemicals Cay17376 DMSO 10 mM-See figure legends 

Remdesivir Cayman Chemicals Cay30354 DMSO 10 mM-See figure legends 

Leupeptin hemisulfate Carl Roth CN33.2 Water 5 mg/ml-10 μg/ml  

Microcystin Enzo Life Sciences ALX-350-

012-M001 

Ethanol 1 mM-1 μM  

Pepstatin A Applichem A2205 Ethanol 1 mg/ml-1 μg/ml  

PMSF SigmaAldrich P-7626 Ethanol 200 mM-1 mM 

Protease inhibitor cocktail 

tablets 

Roche 11873580001 Water One tablet in 2 ml 

25x-1x 

 

2.8 Ready-to-use materials and reagents (including kits) 

Name Source 

6x DNA Loading Dye  Thermo Fisher Scientific R0611  

GeneRuler DNA Ladder Mix  Thermo Fisher Scientific SM0331  

Ethidium bromide  1%  Carl Roth 2218.2 

Fast SYBR Green PCR Master Mix  Applied Biosystems 4385612  

TaqMan Fast Universal PCR Master Mix  Applied Biosystems 4352042  

Random Hexamer Primer  Thermo Fisher Scientific S0142  

dNTP Mix  Thermo Fisher Scientific R0192  

MgCl2 (25mM) Thermo Fisher Scientific R0971 

ATP  Thermo Fisher Scientific R0441 

10x FastDigest Buffer  Thermo Fisher Scientific B64  

10x Tango-Puffer  Thermo Fisher Scientific BY5 

10x Buffer O  Thermo Fisher Scientific BO5 

4% Paraformaldehyde (in PBS)  Santa Cruz sc-281692  

Saponin  Sigma-Aldrich S4521-10G  

Normal Donkey Serum  Jackson ImmunoResearch 017-000-121  

Hank′s BSS (HBSS) PAN P04-32505  

Hoechst 33342  Thermo Fisher Scientific H3570  

ibiTreat μ-Slide VI 0.4  Ibidi 80606  

Lithium Chloride Precipitation Solution  Thermo Fisher Scientific AM9480  

NucleoBond PC500  Macherey&Nagel 740574.50  

NucleoSpin Gel and PCR Clean-Up  Macherey&Nagel 740609.250  

NucleoSpin Plasmid  Macherey&Nagel 740588.250 

NucleoSpin RNA II  Macherey&Nagel 740955.250 

Roti-Load 1  Carl Roth K929.3  

Rotiphorese Gel 30  Carl Roth 3029.1  

PageRuler Prestained Protein Ladder  Thermo Fisher Scientific 26616  

Ponceau S  Serva 33429 

Roti-PVDF  Carl Roth T830.1  

Filterpapier Whatman 
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Roti-Quant  Carl Roth K015.1  

Gel Blotting Paper GB005  GE Healthcare 10426994  

Immobilion Western Chemiluminescent HRP-Substrate  Merck Millipore WBKLS0500  

Amersham ECL Western Blotting Detection Reagent  GE Healthcare RPN2106  

Soc-Medium  Invitrogen 15544-034  

Trypsin/EDTA Solution  PAN Biotech P10-023100  

DPBS  PAN Biotech P04-36500  

L-Homopropargylglycine (L-HPG) Jena Bioscience CLK-1067-25 

Biotin-Azide Cayman Chemicals Cay13040 

TCEP Sigma-Aldrich S C4706 

CuSO4*5H2O Merck 102790 

Zebra spin 0.5 ml 7K desalting columns Thermo Fisher Scientific 89882 

High Capacity Streptavidin Agarose Resin Thermo Fisher Scientific 20361 

Streptavidin Agarose Resin  Thermo Fisher Scientific 20353 

Pierce™ Coomassie (Bradford) Protein-Assay Thermo Fisher Scientific 23200 

TrypLE™ Express Enzyme (1x) Thermo Fisher Scientific 12604013 

Polybrene (Hexadimethrine bromide) Sigma-Aldrich S107689-10G 

Lipofectamine™ 2000 Thermo Fisher Scientific 11668019 

PLUS™ Reagent Thermo Fisher Scientific 11514015 

Trypsin/EDTA  PAN Biotech P10-023100 

Opti-MEM® Thermo Fisher Scientific 51985-034 

10x T4 DNA-Ligase-Buffer  Thermo Fisher Scientific B69 

CellTiter-Glo Luminescent Cell Viability Assay Promega G7571 

CellTiter 96® AQueous One Solution Cell 

Proliferation Assay kit  

Promega G3582 

ATPlite assay Perkin Elmer 

DMEM PAN Biotech P04-03550 

FBS Good Forte PAN Biotech P40-47500 

Doxycyclin Sigma-Aldrich D9891 

L-Glutamin PAN Biotech P04-80100 

Penicillin/Streptomycin PAN Biotech P06-07100 

Ampicillin sodium salt BioChemica A0839,0025 

Puromycin Merck Millipore 540411-100MG 

Kanamycin Sulfate Carl Roth T832.3 

Biotin Sigma-Aldrich B4501-100MG 

Standard nutrient agar 1 Merck 1.07881.0500 

FBS Premium, South America origin, fetal bovine 

serum, tetracycline free, 0.2 µm sterile filtered 

PAN Biotech P30-3602 

BD Difco™ Dehydrated Culture Media: LB Broth, 

Miller (Luria-Bertani) 

BD 244610 

Avicel®  FMC Biopolymer RC591 

 

2.9 Buffers and prepared mediums 

Buffer/Medium name Recipe  

Whole cell extract (“Special lysis”) buffer 30 mM Tetrasodium pyrophosphate 

50 mM NaCl  

1% (v/v) Triton X-100  

2 mM Na3VO4  

50 mM NaF  

20 mM ß-Glycerophosphate  

10 mM Tris (pH 7.05 / HCl) 
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Add fresh:  

1 μg/ml Pepstatin (=1,5 mM)  

10 μg/ml Leupeptin (=23,4 mM)  

1 mM PMSF  

1 μM Microcystin  
Click lysis buffer 100 mM pH 7.5 Hepes 

150 mM NaCl 

1% Nonidet P-40 

Freshly added 2 mM PMSF 

Freshly added 1x Roche 

BioID lysis buffer 50 mM Tris (pH 7.5/HCl) 

500 mM NaCl 

2% SDS (w/v) 

Freshly added 1mM DTT 

Freshly added 1x Roche Inhibitor Cocktail 

TAE buffer for agarose gel 40mM Tris 

1mM EDTA 

0.11% (v/v) acetic acid 

stacking gel buffer 1 M Tris (pH 6.8/HCl) 

Separating Gel Buffer 1 M Tris (pH 8.8/HCl) 

TBS buffer 10 mM Tris 

150 mM NaCl 

(pH 7.4/HCl) 

+ 0,05% (v/v) Tween 20 for TBS-T 

Ponceau S  0.1% (w/v) Ponceau S in 5% (v/v) acetic acid 

1x Laemmli running buffer 25 mM Tris 

192 mM glycine 

0.1% (w/v) SDS 

Blotting buffer 25 mM Tris 

192 mM glycine 

20% (v/v) Methanol 

CaCl2 solution 2 M CaCl2 

2x HEBS 280 mM NaCl 

50 mM HEPES 

1.5 mM Na2HPO4 

(pH 7.12/NaOH) 

BioID washing buffer I 2% SDS (w/v) 
BioID washing buffer II 50 mM HEPES (pH 7.5/HCl) 

1mM EDTA 

500 mM NaCl 

0.1% Sodium Deoxycholate (w/v) 

1% Triton X-100 (v/v) 

BioID washing buffer III 10 mM Tris (pH 7.5/HCl) 

1 mM EDTA 

250 mM LiCl 

0.5% Sodium Deoxycholate (w/v) 

0.5% NP-40 (w/v) 
BioID washing buffer IV 50 mM Tris (pH 7.5/HCl) 

50 mM NaCl 

0.1% NP-40 (w/v) 
BioID washing buffer V 50 mM Tris (pH 7.5/HCl) 
Biotin Stock Solution (20x) 

 

1 mM Biotin in DMEM (without Pen/Step, 

without L-Glutamine) followed by sterile 

filtration 

Silver staining- fixing solution 12.5% w/v TCA 
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Silver staining- incubation solution   500 mmol/L anhydrous sodium acetate 20m 

mol/L Sodium Thiosulfate  

2% v/v 25% glutaraldehyde  

Silver staining- staining solution  6mmol/L silver nitrate  

0.05% v/v formaldehyde 37%  
Silver staining- developer solution    235mmol/L sodium carbonate 

0.01% v/v formaldehyde 37% 
Silver staining- stop solution 5% acetic acid 

Full DMEM (cell-culture) medium 10% (v/v) FBS 

100 μg/ml Streptomycin 

100 U/ml Penicillin 

2 mmol/l L-Glutamine 
LB-Medium 10 g Bacto™ Tryptone 

10 g NaCl 

5 g Yeast extract 

H2O to a volume of 1L 

Autoclaving 

LB-medium for plates 18.5 g Standard I nutrient agar 

H2O to a volume of 0.5L 

Autoclaving 

 

2.10 Chemicals 

Chemicals used in this study were purchased from the following companies, unless otherwise stated:  

Baker, Roche, Merck, Promega, Biomol, Invitrogen/Thermo Fisher Scientific, Sigma, Pharmacia, 

Roth, Serva, and Fluka.  

 

2.11 Plastics and other disposable materials 

The following companies were the source of all plastic and disposable materials used in this study:  

Eppendorf, Ibidi, Greiner, Ansell, Sarstedt, Neolab, Roth, Nerbe-Plus, Nunc, Omnilab, and Brand.  

2.12 Devices and apparatuses 

2.12.1 for gel electrophoresis and Western blotting  

 

Name Source 

Elektrophorese Power Supply EPS 600, 601, 3500 Pharmacia Biotech 

Owl P9DS Owl Seperation Systems 

Mighty Small II Hoefer 

PerfectBlue ′Semi-Dry′-Blotter, Sedec VWR Peqlab 

Mupid-exU Takara 

Chemi Doc Touch Imaging System Bio-Rad 

Gel iX Imager UV-Transilluminator INTAS 
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2.12.2 for PCR 

 

Name Source 

7500 Fast Real Time PCR System Applied Biosystem 

Thermocycler T Professional Biometra 

  

2.12.3 for centrifugation and mixing 

 

Name Source 

Sorvall RC5S Plus Thermo Fisher Scientific 

Table-centrifuge 5415 R Eppendorf 

Table-centrifuge 5424 Eppendorf 

Table-centrifuge 5424 R Eppendorf 

TJ-25 centrifuge Beckman Coulter 

Thermomixer comfort Eppendorf 

Thermomixer compact Eppendorf 

Vortex Top Mix Stirrers Heidolph 

Vortex mixer neoLab 

 

2.12.4 for weighting chemicals 

 

Name Source 

AT 250  Mettler  

FI 310  Fischer  

XP205 DelaRange Mettler Toledo 

MP-3000  Chyo  

 

2.12.5 for cell culture 

 

Name Source 

BBD 6220 CO2 Incubator Thermo Scientific  

CO2 Incubator Autozero Heraeus  

Safe 2020 (Sterile work bench) Thermo Scientific 

 

2.12.6 Microscopy 

 

Name Source 

CKX41 Olympus 

DMi1 Leica  

DMi8 Leica 

 

2.12.7 Others 

 

Name Source 

Nano Drop ND-1000 Spectrophotometer Peqlab 

Sonifier 250 Branson 

Spectramax Plus Microplate Spectrophotometer Molecular Devices 
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Concentrator Plus SpeedVac Eppendorf 

Bioruptor TO NextGen Diagenode 

Multitron Standard Infors HT 

CH-4103 Shaker Infors HT 

 

2.13 Software 

Name Version/link 

GraphPad Prism 5.0 or 8.4.3 

ImageLab 5.2.1 or 6.0.1 

Microsoft Excel 2016 

Perseus (see methods) 

MaxQuant (see methods) 

ImageJ 1.51j8 

DNASTAR navigator 11.1.0.54 

Leica LASX 3.4.2.18368 

Metascape Express settings (Zhou et al. 2019) https://metascape.org/ 

Cytoscape 3.8.0 or 3.9.1 

STRING version 10 or 11.5, https://string-db.org/ 

Venn diagram tool https://bioinformatics.psb.ugent.be/webtools/Venn/ 

Chromos 2.6.6 

Zotero 6.0.14 
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Chapter 3: Methods 

 

3.1 Mammalian cell culture 

For the following methods related to the culturing of mammalian cells, strictly sterile tubes, dishes, 

vials, pipette tips and any other realted tools were utilized. 

 

3.1.1 Thawing and freezing adherent cells 

 

Freezing cell lines was done according to the following procedure: confluent cells (90% of T145 dish) 

were first observed under light microscopy for any visible signs of contamination. Particular care was 

given to Mycoplasma contamination (see section 3.3.2). Afterward, cells were trypsinized, re-suspended 

in 10 ml of pre-warmed cell–culture medium, and transferred to 15 ml tubes. Cells were then centrifuged 

for 5 minutes, at 1000 RPM (TJ-25 centrifuge) at 4 C. Supernatant was removed and cell pellets were 

re-suspended in 2 ml freezing medium (full DMEM medium + 10% DMSO). The cell re-suspension 

was then transferred to cryo-tubes (from Nalgene) and stored overnight at -80 C and then transferred to 

a permeant location in the liquid nitrogen tank.     

Thawing the cells from their storage place in the liquid nitrogen tank was carried out as follows: Vials 

of frozen cells were initially thawed in a 37°C water bath until only the core of the vial remained frozen. 

The semi-frozen content of the vial was then transferred to a 15 ml tube containing a 9 ml pre-warmed 

cell–culture medium. The tubes were then centrifuged for 5 minutes, at 1000 RPM at room temperature 

and the supernatant (freezing medium) was removed by suction (to remove any remaining DMSO). The 

cell pellet was re-suspended in fresh 10 ml pre-warmed medium and added to a T145 dish containing 

10 ml fresh medium. When other dish sizes were used, appropriate adjustments for medium volume 

were made accordingly. Cells were then allowed to attach to the dish and grow in the incubator at 37°C 

and monitored frequently for morphology and growth rate.    

 

3.1.2 Growing and passaging the cells 

 

Huh7 human hepatoma cells (Japanese Collection of Research Bioresources (JCRB) cell bank) and 

VERO-E6 African green monkey kidney epithelial cells (ATCC CRL-1586) were grown in Dulbecco’s 

modified Eagle’s medium (DMEM, including 3.7 g/l NaHCO3; PAN Biotech Cat No P04-03550). The 

medium was supplemented with 10% of filtrated bovine serum (FBS Good Forte; PAN Biotech, Cat 

No. P40-47500) or fetal calf serum for VERO-E6 cells (FCS; PAN Biotech Cat No. 1502-P110704), 2 

mM L-glutamine (Gibco, 21935-028), 100 U/ml penicillin, and 100 μg /ml streptomycin.  
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MRC-5 human embryonic lung fibroblasts (ATCC, CCL-171) were grown in DMEM. The medium 

contained 1.5 g/l (w/v) NaHCO3 and was supplemented with 10% fetal calf serum (FCS; PAN Biotech 

Cat No. 1502- P110704), 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin, 1% 

minimum essential medium non-essential amino acids (100x MEM NEAA; Gibco Cat No 11140-035) 

and 1 mM sodium pyruvate (100 mM; Gibco 11360- 039).   

HEK 293FT primary embryonal human kidney cells (Gibco-Thermo fisher scientific, R 70007) were 

grown in DMEM medium containing 10% FBS supplemented with 0.1 mM MEM Non-Essential Amino 

Acids, 1 mM sodium pyruvate, and 2 mM L-glutamine.  

Cells were allowed to grow up to a maximum of 90% of any given dish capacity to avoid overcrowding. 

Once the cells in the dish reached this level of confluency, the cells were trypsinized using 

Trypsin/EDTA (PAN Biotech #P10-023100). Around 2 ml of trypsin was added to cover the entirety of 

the dish and then removed immediately by suction. Cells were then incubated for 5 minutes at 37°C. 

Afterward, the cells are immobilized and easily re-suspendable in a fresh corresponding full cell-culture 

medium. The cell re-suspension is then used to seed new dishes.  

Given their tendency to dislodge from the dish very easily, HEK 293FT cells were particularly handled 

with care and never allowed to reach a confluency of over 70%.  

3.1.3 Transfection methods 

 

3.1.3.1 Calcium phosphate (CaCl2) method 

Transient or stable transfection of expression plasmids in this study was carried out using mainly the 

calcium phosphate (CaCl2) method. This method of transfection relays on the formation of calcium 

phosphate-DNA precipitate that allows an easy binding of the DNA to the cell surface. Aided by a 

glycerol shock and endocytosis, the DNA anchored to the cell surface is delivered to the inside of the 

mammalian cell to be expressed. If the plasmid carries a selection marker (e.g. against a toxic antibiotic 

such as puromycin), cells that internalized it can be selected for, and hence a stable transfection can be 

established.  

The following mixture was prepared to transfect one plasmid into Huh7 cells in the indicated dish size 

as an example:   

Huh7 cells in (100 mm dish) 

1500 µl H20 

1350 µl 2x HEBS 

30 µg plasmid 

189 µl 2M CaCl2 
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After vortexing, the transfection mixture was added slowly to the cells and then followed by a glycerol 

shock after 5 hours. The glycerol shock was carried as follows: the medium was removed from the cells 

and 3 ml of shock-medium (full DMEM medium + 10% glycerol) was added for 3 minutes at room 

temperature. Thereafter, the shock medium was removed and the cells were washed with warm PBS 

two times. 10 ml of full fresh medium was then added overnight.  

For the stable transfection of CRISPR-CAS-9 plasmids, the selection process started the next day by 

adding 1 µl of puromycin (10 ug/ml) directly to 10 ml of medium.  

Scaling this procedure (or any other cell culture realted procuders in this study) up or down is done by 

adapting the volumes of the reagents as a function of the dish size as shown in the table below:  

Table 1: Factors for conversion between cell culture vessels.  
The table was created and updated by Helmut Mueller and Hendrik Weisser respectively. Blue cells indicate 

frequently used vessels in this study. Yellow cells indicate invalde conversion.  

 

3.1.3.2 Lipofectamine 2000 method 

Another transfection method used in this study (mainly for Lentivirus plasmids transfection in HEK 

293FT cells) was Lipofectamine 2000. The Lipofectamine 2000 achieves transfection of plasmids (and 

other nucleic acids) using Lipofection. This process relays on the formation of vesicles (called 

liposomes) carrying the plasmid of interest.  Since liposomes and cellular membranes are made of a 

phospholipid bilayer, they can merge easily together, delivering the content of the vesicles to the inner 

of the cell.  
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Factors for 

conversion between 

cell culture vessels

surface 

area

(cm
2
) 175 143 75 58 25 21 9.6 8.7 3.9 1.9 1 0.6 0.34 0.2

T175 flask 175 0.82 0.43 0.33 0.14 0.12 0.05 0.05 0.02 0.01 0.006 0.003 0.002 0.0011

T145 dish 143 1.22 0.52 0.41 0.17 0.15 0.07 0.06 0.03 0.01 0.007 0.004 0.002 0.0014

T75 flask 75 2.33 1.91 0.77 0.33 0.28 0.13 0.12 0.05 0.03 0.013 0.008 0.005 0.0027

100mm dish 58 3.02 2.47 1.29 0.43 0.36 0.17 0.15 0.07 0.03 0.017 0.010 0.006 0.0034

T25 flask 25 7.00 5.72 3.00 2.32 0.84 0.38 0.35 0.16 0.08 0.040 0.024 0.014 0.0080

60mm dish 21 8.33 6.81 3.57 2.76 1.19 0.46 0.41 0.19 0.09 0.048 0.029 0.016 0.0095

6 well plate 9.6 18.23 14.90 7.81 6.04 2.60 2.19 0.91 0.41 0.20 0.104 0.063 0.035 0.0208

35mm dish 8.7 20.11 16.44 8.62 6.67 2.87 2.41 1.10 0.45 0.22 0.115 0.069 0.039 0.0230

12 well plate 3.9 44.87 36.67 19.23 14.87 6.41 5.38 2.46 2.23 0.49 0.256 0.154 0.087 0.0513

24 well plate 1.9 92.11 75.26 39.47 30.53 13.16 11.05 5.05 4.58 2.05 0.526 0.316 0.179 0.1053

48 well plate 1 175.00 143.00 75.00 58.00 25.00 21.00 9.60 8.70 3.90 1.90 0.600 0.340 0.2000

6 canal Ibidi 0.6 291.67 238.33 125.00 96.67 41.67 35.00 16.00 14.50 6.50 3.17 1.67 0.567 3.0000

96 well plate 0.34 514.71 420.59 220.59 170.59 73.53 61.76 28.24 25.59 11.47 5.59 2.94 1.76 0.5882

18er Ibidi 0.2 875.00 715.00 375.00 290.00 125.00 105.00 48.00 43.50 19.50 9.50 5.00 3.00 1.70
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Maintaining the HEK 293FT cells at a density below 70% of the dish capacity was a crucial step for a 

successful transfection and to avoid any toxicity induced by Lipofectamine 2000 reagent.  

To transfect the three lentivirus plasmids, the following lentiviral target mixture was prepared in a 50 

ml tube for the indicated flask size: 

Component Amount per T175 flask 

Opti-MEM 2250 μl 

pMD2.G (lentiviral helper plasmid) 15.3 μg 

psPAX (lentiviral helper plasmid) 23.4 μg 

Lentiviral target plasmid 30.6 μg 

 

To increase cationic lipid-mediated transfection efficiencies and cellular viabilities a PLUS reagent 

mixture was included in the lentiviral target mixture. The PLUS reagent mixture consisted of 2250 μl of 

Opti-MEM and 297 μl of PLUS reagent (Cat. no. 11514-015). The PLUS reagent mixture was then 

added to the lentiviral target mixture, mixed by inversion, and incubated at room temperature for 5 

minutes. Thereafter, the Lipofectamine 2000 reagent mixture was prepared by combining 4500 μl of 

Opti-MEM with 270 μl of Lipofectamine 2000.  This mixture was then added to the previous one 

(lentiviral target mix+ PLUS mix) and incubated at room temperature for 5 minutes. Finally, 9 ml of the 

resultant mixture was added to the T175 flask. A gentle shake was applied and the T175 flask was 

returned to the 37°C incubator. 

 

3.1.4 Harvesting the cells  

 

The process of harvesting the cells was carried out at 4°C on an ice bucket. The cell dishes were taken 

from the incubator at the end of the experiment and placed on ice. The medium was either discarded or 

collected in special tubes for downstream applications. Cells were then washed two times with ice-cold 

PBS. 2 ml of ice-cold PBS was added to the cells afterwards and the cells were scraped using a scarper. 

PBS containing the cells were then collected in tubes. The cells were then centrifuged at 500 RPM 

(Table-centrifuge 5424) for 5 minutes at 4°C. The cell pellet was either lysed directly or stored at -80 C 

for later usage.  
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3.2 Molecular biology 

 

3.2.1 Plasmid extraction 

 

Extracting DNA plasmid constructs from bacteria was done in two scales:  mini-prep and maxi-prep 

scales depending on the needed amount of the plasmids for downstream usage.  

Preparation of plasmids on the mini-prep scale was carried out as follows: bacterial strain transformed 

with the plasmid of interest was inoculated into 5 ml of LB medium containing the appropriate antibiotic 

marker. The bacteria were then allowed to grow overnight at 37°C with continuous shaking (for 

oxygenation) at 250 RPM. If after the passage of 16 hours, the LB medium containing the transformed 

bacteria became turbulent, indicating healthy growth of the bacteria, 4 ml of the suspension was taken 

for the extraction of the DNA plasmid. The extraction process was done using the NucleoSpin® plasmid 

kit (Machery & Nagel) and in accordance with the provided protocol. The final elution step of the DNA 

was done using ddH2O pre-warmed to 60°C to increase the efficacy of the elution. The amount of water 

used for elution was 30 µl. The eluted plasmid concentration was then measured using ND-1000 

Nanodrop® and stored at -20°C. 

Preparation of plasmids on the maxi-prep scale was carried out as follows: bacterial strain transformed 

with the plasmid of interest was inoculated into 150 ml of LB medium containing the appropriate 

antibiotic marker. The bacteria were then allowed to grow overnight at 37°C with continuous shaking 

at 160 RPM. If after the passage of a maximum of 18 hours, the LB medium containing the transformed 

bacteria became turbulent, indicating healthy growth of the bacteria, all of the 150 ml was used for the 

extraction of the DNA plasmid. The extraction process was done using the NucleoBond® Maxi Kit 

(Machery & Nagel) and in accordance with the provided protocol. The final elution step of the DNA 

was done using ddH2O pre-warmed to 60°C to increase the efficacy of the elution. The amount of water 

used for elution ranged from 200 to 300 µl. The eluted plasmid concentration was then measured using 

ND-1000 Nanodrop® and stored at -20°C for short-term usage or at -80°C for longer storage. 

 

3.2.2 RNA extraction 

 

Extracting total RNA from the cell pellet was carried out using the NucleoSpin® RNA kit and in 

accordance with the manufacturer protocol. The RNA was then eluted with 60 µl of RNase-free H2O 

and the concentration was measured using ND-1000 Nanodrop®. The quality of the extracted RNA was 

controlled using the ratio of 260 nm absorbance to that of 280 nm. The RNA was then stored at -20°C 

for short-term usage or at -80°C for longer storage. 
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3.2.3 Reverse transcription 

 

Obtaining cDNA from the total RNA extracted from cells for further studies (using quantitative PCR 

for example) was done using the reverse transcriptase enzyme (RNA-dependent DNA polymerase) of 

Moloney Murine Leukemia Virus (M-MuLV). One reaction consisted of a volume of 20 µl with the 

following components: 

Component  Amount  

Reverse transcription (RT) Buffer (5x) 4 µl 

Random hexamer primers 0.5 µl 

dNTP mix (each 10 mM) 0.5 µl 

M-MuLV transcriptase (20 U/μl) 0.5 µl 

total RNA 1 μg 

H2O adjusted to 20 μl 

 

The reaction mix was then very gently vortexed and span for a few seconds. Thereafter, thermocycler 

T-Professional was used to carry out the reverse transcription reaction using the following temperatures 

and times: 

Temperature  Time  

25°C 10 minutes 

42°C 60 minutes 

70°C 10 minutes 

10°C Pause Temperature 

97°C Lid Temperature 

 

The now cDNA was either used directly (for qPCR) or stored at -20°C for later usage. 

3.2.4 Quantitative PCR (qPCR) 

 

The cDNA converted from total RNA represents a wealth of information that can be used to obtain 

knowledge on expressed genes under certain experimental or physiological conditions. One molecular 

biology technique that can be used to this end is quantitative PCR. The method allows the monitoring 

of the levels (or quantity) of a specific DNA segment in a sample by amplifying it. Using a fluorescent 

reporter, the amount of the amplification product (amplicon) can be monitored in real-time after each 

cycle of amplification. If the fluorescence of the amplicons exceeds that of the background levels after 

a certain number of amplification cycles, the product is said to be detected in the sample. The 

amplification cycle after which this detection happens is called the ct (cycle threshold) value. The lower 

this value is, the more abundant the gene (or specific DNA of interest) is in the sample.   

To achieve this, two principles of monitoring can be utilized: SYBR Green and TaqMan assay.  

SYBR green method depends on an intercalating fluorescent dye that binds only to double stranded 

DNA (dsDNA). At the beginning of the amplification process, the two strands of the DNA will separate, 



52 
 

and the synthesis of new complementary strands takes place. At the end of the cycle, the newly formed 

dsDNA will be available to the SYBR green reporter to bind to and produce an observable signal that is 

registered by the machine. The process will repeat with each amplification cycle until enough 

fluorescent signal has accumulated above the background (reaching a ct) or, if the target is not present, 

until the reaction is stopped. 

The TaqMan assay system depends on probes designed to target specific DNA sequences (of a specific 

gene). These short probes carry a fluorescent reporter at their 5 prime end and a quencher of the FRET 

(Förster Resonance Energy Transfer) signal emitted by the reporter on their 3 prime end. As long as the 

two components (the reporter and the quencher) are next to each other (i.e. the probe is intact) the 

fluorescence will be undetectable. At the beginning of the amplification process, the two strands of the 

DNA will separate, and the probe will bind to its target sequence on the single-stranded DNA. The 

synthesis of new complementary strands takes place through the action of the Taq polymerase. During 

this process, the probe is degraded by the 5′-exonuclease activity of the Taq polymerase. This will result 

in the separation of the reporter from the quencher and hence the release of an observable signal that is 

registered by the machine. The process will repeat with each amplification cycle until enough 

fluorescent signal has accumulated above the background (reaching a ct) or until the reaction is stopped 

if the target is not present. 

To calculate the relative abundance of a detected DNA segment (e.g. relative fold expression of a gene), 

the ΔΔCt method is applied. This method involves two normalization steps and depends on measuring 

the levels of a housekeeping gene. The first normalization step involves using the housekeeping gene as 

a reference to calculate the ΔCt value:   

ΔCt = Ct (target gene) – Ct (housekeeping gene).  

The next step is to normalize the ΔCt value to the control sample of the experiment. This will result in 

the ΔΔCt value:  

ΔΔCt = ΔCt (treatment) – ΔCt (control).  

Finally, the resulting ΔΔCt value can be fed into the following formula to calculate the fold change of a 

gene expression = 2^(−ΔΔCt) 

Another way of determining the expression of a specific gene can be done through absolute 

quantification against a standard curve derived from gel-purified RT-PCR products of the same genes 

RNA.  

To set up a 10 μl TaqMan qPCR reaction for one probe, the following components were added: 

Component  Amount  

TaqMan FAST 2x PCR Master Mix 5 µl 

TaqMan Assays on Demand 0.25 µl 
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H2O 3.75 µl 

cDNA 1 µl 

 

To set up a 10 μl SYBR green qPCR reaction for one gene, the following components were added: 

Component  Amount  

SYBR green 2x PCR Master Mix  5 µl 
Forward primer (1:10 diluted) 0.5 µl 
Reverse primer (1:10 diluted) 0.5 µl 
H2O 3 µl 
cDNA 1 µl 

 

The qPCR reaction was carried out on Applied Biosystems™ 7500 Fast Real-Time PCR Instrument as 

two technical duplicates for each sample on a 96-well plate with the following temperature settings: 

Temperature  Time  

95°C 20 seconds 
95°C 3 seconds 
60°C 30 seconds 

The last two steps were repeated for 40 cycles.  

 

3.2.5 Agarose gel 

 

Resolving DNA molecules according to their size is made possible by using agarose gel. The principle 

behind this separation relies on an electric field that pushes the negatively charged DNA molecules 

through the matrix of the agarose gel towards the positively charged anode.  Bigger DNA fragments will 

travel slower and hence stay in the upper part of the gel, while smaller fragments will travel faster, 

ending up in the lower part of the gel. Additionally, the confirmation of the DNA and the percentage of 

the agarose used in the gel play important roles in the separation process. An intercalating dye (such as 

ethidium bromide) can be added to the gel to visualize the DNA fragments migrating through the matrix 

using UV radiation excitation.  

Throughout this study, agarose gel was used extensively to visualize or excise DNA fragments for 

further processing according to the following protocol: depending on the application (visualization vs 

excision and purification) a percentage of 1.5 or 2% (w/v) agarose gels were prepared by dissolving the 

appropriate amount of agarose in 1x TAE buffer. The mixture was then boiled for a very short time 

repeatedly until all the agarose particles were completely dissolved. The mixture was then allowed to 

cool down to a touch-possible temperature and 0.1 μg/ml ethidium bromide was added. This final 

mixture was then casted into an appropriate stand with a comb and left until it solidified. DNA samples 

mixed with 6x DNA Loading Dye were applied to the wells. The MUPID-exU submarine 

electrophoresis system was used to apply the current using 100 V for 30-45 minutes in 1x TAE running 

40 cycles 
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buffer. Finally, the UV transilluminator Gel iX Imager was used to visualize the DNA fragments at 260 

nm. 

3.2.6 Molecular cloning 

 

Molecular cloning is a process through which a DNA fragment (representing a gene of interest for 

example) is isolated or produced and then inserted (i.e. cloned) into an appropriate vector for a 

downstream application. In this work, molecular cloning has been extensively utilized to generate 

expression vectors to mediate CRISPR-CAS-9 knockdowns or to produce BioID vectors expressing 

chimeric constructs composed of a biotin ligase and a bait protein.  

 

3.2.6.1 Producing CRISPR-CAS-9 vectors 

 

The idea of the CRISPR-CAS system has been eloquently described in the following publication (Ran 

et al. 2013). Currently, there are multiple types of CRISPR-CAS systems. For the sake of space and 

relevance, only the CRISPR-CAS-9 system, which is a type II system, will be described based on Ran 

et al publication.  

Faced with relentless invasions of bacteriophages, bacteria have evolved a mechanism to snatch parts 

of the genomic sequence of the invading pathogens. The snatched foreign DNA sequences are stored in 

a specific location in the bacterial chromosome called the CRISPR locus and used to recognize and fight 

re-infection.  

The CRISPR locus consists of the foreign DNA sequences (called spacers) flanked by palindromic 

repeats, forming together a CRISPR array. Each of these spacers is always associated with a protospacer 

adjacent motif (PAM) that is found only in the genome of the pathogen (i.e. the bacterial CRISPR locus 

does not contain PAM). The spacer associated with PAM in the inviading pathogen is called protospacer. 

The PAM sequences are recognized by the CRISPR-associated nuclease protein (CAS) enzymes. PAM 

sequences vary in requirements according to the specific CRISPR system. The CAS-9 enzyme from 

Streptococcus Pyogenes (used in this study) recognizes 5′-NGG PAM (N: any nucleotide) that has to be 

immediately next to the protospacer in the genome of the pathogen.  

The CRISPR array is transcribed to form a pre-CRISPR RNA (crRNA) that pairs with the palindromic 

repeats and a tracrRNA (trans-activating CRISPR RNA, allows the association of the CAS enzyme) to 

form an effector complex. Upon a re-infection event with a pathogen whose part of its genome is already 

stored in the CRISPR array, the effector complex will scan the invader genome looking for the PAM 

sequence and the associated protospacer. When found, the crRNA will pair with the complementary 

section of the pathogen genome (i.e. complimentary to the spacer) and the CAS-9 enzyme will cleave 

the genome of the foreign invader 3 nucleotides upstream of the PAM sequence. Hence, the CRISPR-
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CAS can be thought of, as an adaptive immunity mechanism that is used to protect against re-infection 

with foreign pathogens.  

Given its potential, the CRISPR-CAS-9 system has been adapted/modified to be used as a guided/ 

precise method for genome editing in eukaryotic cells. In this modified version, the crRNA and the 

tracrRNA were combined together into one chimeric RNA molecule termed single guide RNA (sgRNA). 

Within this sgRNA, a 20-nucleotide variable guide sequence that can be designed to target specific 

region of the genome in the immediate vicinity of a PAM sequence. This 20-nucleotide variable guide 

sequence is henceforward referred to as sgRNA for simplicity. In this study, sgRNAs were designed 

using either crispr.mit.edu (tool is deprecated), 

https://eu.idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE or directly obtained from the 

published Genome-wide CRISPR screens library of sgRNAs from the Broad institute (Sanjana, Shalem, 

and Zhang 2014; Shalem et al. 2014). This sgRNA will guide CAS-9 protein to the intended area of 

interest in the genome. Once encountering the PAM sequence adjacent to the region complementary to 

the designed sgRNA sequence, the CAS-9 will induce a dsDNA break. In the absence of a repair 

template, this dsDNA break will induce a non-homologues end joining (NHEJ) DNA repair mechanism 

leading to insertion or deletion (indel) mutations disrupting the expression of the targeted gene. Hence, 

the corresponding protein product will either no longer be expressed or expressed in a mutated, non-

functional form. 

The sgRNAs targeting genes of interest (EIF2AK3, ERN1 and ATF3, sequences in the Materials section) 

were cloned into the compatible pSpCas9(BB)-2A-Puro (pX459) vector. This vector contains the 

chimeric RNA sequence and CAS-9 gene.  After designing the sgRNAs as mentioned above with 

recognition site for the restriction enzyme BbsI (CACCG) added to them (for insertion in the pX459 

vector), they were ordered from Eurofins Genomics as both, sense and antisense strands. The received 

oligonucleotides were re-suspended in water to a final concentration of 100 μM and then annealed 

together to produce double-stranded oligonucleotides as follows:  

Component  Amount  

sgRNA sense (100 μM) 1 µl 
sgRNA antisense (100 μM) 1 µl 
T4 PNK Buffer A (10x) 5 µl 
ddH2O 43 µl 

 

The following temperature settings were used to carry out the reaction on the Thermocycler T-

Professional: 

Temperature  Time  

95°C 4 minutes 
70°C 10 minutes 
37°C 15 minutes 
4°C PAUSE 

https://eu.idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE
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The annealed oligonucleotides were then phosphorylated as follows: 

Component  Amount  

Annealed oligonucleotides 2 µl 
T4 PNK (polynucleotide kinase ) Buffer A (10x) 1 µl 
1 mM ATP (10 mM) 1 µl 
T4 PNK 1 µl 
ddH2O 5 µl 

 

The following temperature settings were used to carry out the reaction on the Thermocycler T-

Professional: 

Temperature  Time  

37°C 30 minutes 
70°C 10 minutes (heat inactivation of T4 PNK enzyme) 
4°C PAUSE 

The annealed and phosphorylated oligonucleotides are now ready for the simultaneous restriction 

enzyme digestion and ligation into the vector as follows:  

First, the oligonucleotides from the previous step were 1:8 diluted 

Component  Amount  

Diluted oligonucleotides 2 µl 
Vector 100 ng 
Fast digest buffer 10x 2 µl 
Fast digest Bbs1 1 µl 
ATP (10 mM) 1 µl 
T4 ligase 1 µl 
ddH2O Adjusted to 20 µl 

 

The following temperature settings were used to carry out the reaction on the Thermocycler T-

Professional: 

Temperature  Time  

37°C 5 minutes 
21°C 10 minutes  

Repeated for 6 cycles. 

Finally, any residual, linearized DNA was digested using PlasmidSafe exonuclease as follows: 

Component  Amount  

The ligation reaction from the previous step 10 µl 
PlasmidSafe buffer (10X) 1.5 µl 
ATP (10 mM) 1.5 µl 
PlasmidSafe exonuclease (10 U/ µl) 1 µl 

 

6 cycles 
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The following temperature settings were used to carry out the reaction on the Thermocycler T-

Professional: 

Temperature  Time  

37°C 30 minutes 
70°C 30 minutes 

The reaction was then used for bacterial transformation immediately or stored at -20 °C for later usage.  

Alternatively the sgRNAs targeting ATF3 were cloned into the compatible Lenti-CRISPR V2 empty 

vector using the same procedure described above with the following exceptions: 

1) The restriction enzyme used was Esp3I (10 U/ µl). 

2) The PlasmidSafe step was not included as including this treatment resulted in no colonies.  

   

3.2.6.2 Producing the BioID vectors 

 

The BioID method depends on producing vectors expressing chimeric constructs composed of a biotin 

ligase and a bait protein. Hence, the first step included obtaining DNA fragment of gene of interest 

flanked with appropriate restriction enzyme sites to be inserted into the BioID vector of choice, pTet-

on_Puro_Myc-BirA or pTet-on_Puro_HA-miniTurbo.  

To obtain DNA of gene of interest from a donor plasmid, PCR-cloning approach was implemented using 

set of primers (forward and reverse) that amplifies the whole cDNA of the gene. The primers contained 

the following components based on protocol provided on https://www.addgene.org/protocols/pcr-

cloning/:  

1. Leader Sequence:  3 to 6 extra base pair (bp). This additional bps were proven to improve 

restriction enzymes digestion.   

2.  Restriction enzyme sequence: sequence representing the selected appropriate restriction 

enzymes. Usually (6-8 bp)  

3. The Hybridization Sequence: sequence that binds to the DNA of interest. Usually 18-21 bp. 

The selection of appropriate restriction enzymes rests on multiple criteria including: 

1. Enzymes that do not cut within the fragment of interest.  

2. Enzymes that do cut in the Multiple Cloning Site (MCS) of the recipient plasmid, but do not 

outside this region.   

3. Have appropriate and compatible temperatures and buffers.  

The primers were then order from Eurofins Genomics and were re-suspended in water to a final 

concentration of 100 μM. The following PCR reaction was set up to obtain the DNA fragments from 

the donor plasmids:  
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Component  Amount  

Phusion Buffer (5x)  10 µl 
Forward primer (1:25 diluted) 1 µl 
Reverse primer (1:25 diluted) 1 µl 
dNTPs (10 mM each) 1 µl 
Donor plasmid 40 ng 
Phusion Polymerase 0.5 µl 
DMSO 2.5 µl (5%) 
ddH2O Adjusted to 50 µl 

 

The following temperature settings were used to carry out the reaction on the Thermocycler T-

Professional: 

Temperature  Time  

95°C Lid temperature 
98°C 30 seconds 
98°C 10 seconds 
60°C 30 seconds 
72°C 30 seconds/ kilo-base the of total plasmid length 
72°C 5 minutes 
4°C PAUSE 

 

The PCR product is now the DNA fragment of interest flanked by selected restriction enzyme sites. This 

product is then purified using NucleoSpin® Gel and PCR Clean-up Kit according to the manufacturer's 

protocol.  

Next the PCR fragment and the recipient plasmid were digested by the selected restriction enzymes as 

follows: 

Construct  Restriction 

Enzyme 1 

Restriction 

Enzyme 2 

Buffer Temperatures PCR 

product 

amount 

Recipient 

plasmid 

amount 

BirA-

EIF2AK3 

3µl 

EcoRI 

3µl XhoI 12µl 10x 

Tango Buffer 

1h 37°C 

20 min 80 °C 

15 µl PCR 

reaction 

4 µg Plasmid 

DNA 

BirA-

ERN1 

3µl 

EcoRI 

3µl XhoI 12µl 10x 

Tango Buffer 

1h 37°C 

20 min 80 °C 

15 µl PCR 

reaction 

4 µg Plasmid 

DNA 

BirA-Bip 3µl BspOI 

(BmtI) 

3µl XhoI 6µl R Buffer 1h 37°C 

20 min 80 °C 

25µl PCR 

reaction 

4 µg Plasmid 

DNA 

BirA-ATF3 3µl 

EcoRI 

3µl XhoI 12µl 10x 

Tango Buffer 

1h 37°C 

20 min 80 °C 

15 µl PCR 

reaction 

4 µg Plasmid 

DNA 

miniTurbo- 

EIF2AK3 

3µl 

EcoRI 

3µl XhoI 12µl 10x 

Tango Buffer 

1h 37°C 

20 min 80 °C 

15 µl PCR 

reaction 

4 µg Plasmid 

DNA 

miniTurbo-

ATF3 

3µl 

EcoRI 

3µl NotI 6µl 10x O 

Buffer 

1h 37°C 

20 min 80 °C 

25µl PCR 

reaction 

4 µg Plasmid 

DNA 

 

All enzymes had 10 U/ µl except XhoI FastDigest ThermoFisher (see manufacturer instructions).  

30 

cycles 
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After the digestion of the recipient plasmid, it was gel-purified using NucleoSpin® Gel and PCR Clean-

up Kit according to the manufacturer's protocol. 

The gel-purified, digested plasmid was then subjected to a dephosphorylation reaction (to prevent re-

ligation) as follows: 

Component  Amount  

10x Buffer O 4 µl 
CIAP (20 U/µl) 1 µl 
DNA Digested Plasmid 10 µl 
ddH2O Adjusted to 25 µl 

 

The following temperature settings were used to carry out the reaction on the Thermocycler T-

Professional: 

Temperature  Time  

37°C 30 minutes 
85°C 15 minutes 

 

The dephosphorylated-digested recipient plasmid was then purified using NucleoSpin® Gel and PCR 

Clean-up Kit according to the manufacturer's protocol. 

The final step was the ligation of the PCR fragment into the plasmid as follows: 

Ligation: 

Ratio of insert to vector: 1:5 or 1:3 

ng (Insert) = Factor x ng(Vector) x [ bp(Insert) / bp(vector) ] 

  = Factor x 50 x (560/9500)……(example for ATF3 insert into the miniTurbo plasmid) 

Ratio  Components 

1:5 50 ng Vector 

15 ng Insert 

2µl 10x Ligase Buffer 

1µl 10mM ATP 

1µl T4 DNA Ligase 

ddH2O adjusted to 

20µl 
1:3 50 ng Vector 

9 ng Insert 

2µl 10x Ligase Buffer 

1µl 10mM ATP 

1µl T4 DNA Ligase 

ddH2O adjusted to 

20µl 
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The reaction was left for 2 hours at room temperature followed by 20 minutes at 70°C for inactivation 

of the ligase. 

3.2.7 Sanger sequencing 

 

To control for the correct insertion of oligonucleotides or PCR fragments into plasmids, Sanger 

sequencing was carried out using the services provided by LGC Genomics or Microsynth. The 

instructions of the companies were followed exactly regarding plasmid concentrations, volumes, 

sequencing primers requirements and used buffers for elution. The DNASTAR software (SeqMan Pro) 

and Chromos were then used to assess the sequencing quality and results. 

3.3 Microbiology 

 

3.3.1 Bacterial work 

 

Expression vectors were amplified using chemically competent E. coli TOP10, XL1-Blue and TOP10 

One Shot strains through transforming them as follows: 

2-5 μl of the plasmid or ligation product (after cloning process) were added to the bacterial vial. The 

mixture was incubated on ice for 5 minutes followed by a heat shock at 42°C for 45 seconds followed 

immediately by 2 minutes on-ice incubation. Next, the following procedure was done:  

For E. coli TOP10 or XL1-Blue strains, 500 μl of LB medium was added and the mixture was incubated 

further for 1 hour at 37 °C with 200 RPM shaking. Afterward, the mixture was centrifuged at 2500 RPM 

(Table-centrifuge 5424) for 5 minutes. The supernatant was discarded, except for approximately 20 μl 

that was used to re-suspend the bacterial pellet. The re-suspended bacterial pellet was then plated on 

LB-plate with antibiotic marker (ampicillin 100 μg/ml) and allowed to grow overnight at 37°C.   

For TOP10 One Shot strain, 200 μl of SOC medium at room temperature was added, very gently mixed 

and then 100 μl was plated on LB-plate with antibiotic marker (ampicillin 100 μg/ml) and allowed to 

grow overnight at 37°C. 

Growing the bacteria in liquid LB-medium was carried out using volumes of 5 ml or 200 mL of LB 

medium with suitable antibiotic marker. The bacteria were allowed to grow overnight at 37°C with 

continuous shaking at 200-250 RPM.  

The long-term storage of liquid bacterial culture was carried out by adding an equal amount of Glycerol 

to the bacterial medium followed by immediate freezing using liquid nitrogen and then stored at -80°C. 
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3.3.2 Virus work 

 

3.3.2.1 HCoV-229E propagation 

 

Producing stocks of HCoV-229E was carried out as follows: 2.8 x10^7 Huh7 cells were seeded into 

T145 dishes. 24 hours later the cells were transferred in an incubator adjusted to 33°C half an hour 

before the addition of 100 μl of a previous virus stock. The cells infected with the virus were then further 

incubated at 33°C for two more days, until cytopathic effects were observable. The medium was then 

collected and centrifuged for 10 minutes at 500 RPM (4°C, TJ-25 centrifuge). The supernatant, 

representing the new virus stock, was then aliquoted as desired and stored at -80°C. The titer of this new 

stock was then determined using TCID50 or plaque assays. 

 

3.3.2.2 Determining virus titer using TCID50 

 

Determining the functional titer (i.e. actual number of viruses that are able to infect target cells) is an 

essential part of any work that involves studying viruses. In this study, TCID50 (median tissue culture 

infectious dose) was one of the methods used to assess the functional titer. The assay relies on creating 

a serial dilution of the virus sample and infecting target cells seeded in 96-well-plate with these dilutions. 

The target cell should be known to show observable cytopathic effect (CPE) after a certain incubation 

period with the virus of interest. At the end of this incubation time, CPE in each well are assessed using 

variety of methods including staining the cells for direct visual readout of dead cells. The TCID50 of the 

sample can be then calculated using the dilution in which 50% of the wells displayed visible CPE. The 

calculation is carried out using different mathematical approaches including Reed and Muench method 

(REED and MUENCH 1938, 12; LaBarre and Lowy 2001; Smither et al. 2013). 

The TCID50 assay for HCoV-229E was carried as follows: 

Three 96-well plates (for three technical replicas) were seeded with 12000 Huh7 cells per well and 

allowed to grow for 24 hours before infection with the virus serial dilution. Each well contained 100 µl 

of full DMEM medium. The HCoV-229E serial dilution used was from 10^2 up to 10^8. One row of 

each plate was left without infection (or mock infection) as control. Each row of wells received 100 µl 

from specific dilution (added to each well in the row). The plates were then incubated at 33°C for 6 

days. At the end of the incubation period supernatant was removed from the wells and 100 µl of 0.1% 

crystal violet dye (diluated from 1% stock beforehand in 20% ethanol solution) was added to each well 

and incubated for few minutes. Subsequently, the dye was decanted by tabbing the plates carefully inside 

a plastic bag. The stained wells (i.e. alive cells) and the unstained wells (i.e. dead cells) were counted. 

Providing that all wells in the control row survived (i.e. were stained) the TCID50 was then calculated 

for each plate using Reed–Muench method (REED and MUENCH 1938; LaBarre and Lowy 2001).  
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The Reed–Muench calculation method goes as follow (C. Lei et al. 2021; Ramakrishnan 2016):  

The ideal case would be to have a row (representing a dilution) that has exactly 50% of the wells stained 

and the other 50% unstained. Nevertheless, this is a very rare occurrence and hence, the so-called 

proportional distance (PD) to 50% has to be calculated according to the following formula: 

PD= (the percentage of dead cells directly above 50%) - 50% / {(the percentage of dead cells directly 

above 50%) – (the percentage of dead cells directly below 50%)} 

Next, the 50% endpoint dilution (Log lower dilution) should be calculated as follows:  

Log lower dilution = log (the dilution in which the percentage of dead cells directly above 50%) 

Next, the PD value should be added to the Log lower dilution and expressed as 10^(PD+ Log lower 

dilution). This number is the TCID50 of the sample.  

The TCID50 is then expressed per ml. This can be done through dividing it by the ml of virus added to 

the rows (100 µl in this case) to obtain TCID50/ml.  

Finally, one can convert this value to MOI (multiplicity of infection) through assuming that 3 TCID50 

corresponds to an MOI of 1 (LaBarre and Lowy 2001). Hence, an MOI of one means that theoretically 

one cell receives one infectious virus. Following is an illustrative example (Fig.7): 

 

Virus Dilution Died Survived Mortality per cent 

1.E-03 12 0 100 

1.E-04 12 0 100 

1.E-05 12 0 100 

1.E-06 10 2 83.33 

1.E-07 1 11 8.33 

1.E-08 0 12 0 

1.E-09 0 12 0 

 

1.E-03

1.E-04

1.E-05

1.E-06

1.E-07

1.E-08

1.E-09

Uninfected 

Control
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Figure 7: An illsurative example taken from this study of the TCID50 calculations using the Reed–

Muench method.   
See text above for details. 

 

Alternatively, one can use plaque assay to determine MOI directly. 

 

3.3.2.3 Determining virus titer using plaque assay 

 

This assay relies on creating a serial dilution of the virus sample and infecting target cells seeded in, 

typically, 6-well-plate with these dilutions. The target cells are seeded in appropriate numbers to form a 

monolayer. The idea behind this method is to allow an infectious particle to infect a cell in the cell 

monolayer. This infection event will cause the cell to die and produce more infectious particles that 

would infect nearby cells, eventually (after appropriate incubation period) producing a visible hole 

(plaque) in the cell monolayer. To ensure a localized area of infection (where the plaque will form) and 

to prevent the virus from spreading outside this area, a semi-solid overlay is added to the cell monolayer. 

After an appropriate incubation period, the cell monolayer is then stained to visualize and count the 

plaques. The obtained number of plaques for each dilution (in each well) is then divided by that dilution 

to obtain plaque forming units (pfu)/Well. This number is then averaged across the different dilutions 

and divided by the added volume of virus dilution to obtain the sample titer expressed in pfu/ml (Smither 

et al. 2013; Baer and Kehn-Hall 2014). An illustrative example of these calculations has been delinated 

in figure 8. 

The plaque assay for HCoV-229E was carried out as follows: 

6-well plate were seeded with 200.000 Huh7 cells per well and allowed to grow for 24 hours before 

infection with the virus serial dilution. The virus serial dilution used was from 10^2 up to 10^8. The 

assay was carried out as two technical duplicate where two wells were infected with the same dilution. 

The first two wells were used as control (mock infection). Each well received 500 µl from specific 

dilution. The plates were incubated for one hour at 33°C. The supernatant was then removed and the 

wells were coated by the 1.25% semi-sold Avicel® mixed with it MEM medium (100 U/ml penicillin, 

100 μg/ml streptomycin, and 10% FBS) and incubated at 33°C for 3 days. At the end of the incubation 

period, Avicel®/MEM overlay was very carefully removed. The wells were then incubated for few 

minutes with 500 µl of 0.1% crystal violet dye (diluted from 1% stock beforehand in 20% ethanol 

solution) for staining. Subsequently, the dye was decanted and plaques were counted and documented.  

The plaque assays for MERS-CoV and SARS-CoV-2 were carried out by Dr. Christin Mueller in the 

BSL 3 facility as follows: 

Huh7 cells and VERO-E6 cells were used to titer MERS-CoV and SARS-CoV-2 respectively. The cells 

monolayers were then infected with virus serial dilution from 10^1 up to 10^7. Dishes were then 

incubated at 33 °C for SARS-CoV-2 and at 37 °C for MERS-CoV for one hour. The supernatant was 
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then removed and the wells were coated with MEM medium containing 1.25% Avicel® (100 U/ml 

penicillin, 100 μg/ml streptomycin, and 10% FBS). At the end of the incubation period (2 days for 

MERS-CoV and 3 days for SARS-CoV-2), Avicel®/MEM overlay was discarded and the cells were 

washed with PBS and fixed in freshly prepared 3.7% PFA in PBS overnight. After the removal of the 

fixing solution next day, the cells were washed again with PBS and stained with 0.15% (w/v) crystal 

violet (diluted in 20% Ethanol). Plaques were documented and counted.  

 

 

Virus Dilution Plauqes # Well-1 Plauqes # Well-1 

Average 

plaques # 
pfu/well 

1.E-03 All dead All dead - - 

1.E-04 All dead All dead - - 

1.E-05 48 46 47 5E+06 

1.E-06 7 9 8 8E+06 

1.E-07 No plaques No plaques - - 

 

Figure 8: An illsurative example taken from this study of the MOI calculations using plaque assay.  
See text above for details. 

 

For all viruses, the plaque numbers were used to calculate the EC50 values, referenced to the virus + 

DMSO-only treated control, using non-linear regression method on GraphPadPrism 5.0 or 8.4.3  

(GraphPad Software). 

3.3.2.4 Working with lenti-virus 

 

The lenti viral titer, used as a viral delivery system to transduce Huh7 cells with CRISPR-CAS-9 system, 

was determined together with B.Vincent Albert as follows:  

Uninfected 

Control

1.E-03

1.E-04 1.E-05

1.E-06 1.E-07

Average pfu/well: 6.35E+06  

 

pfu/ml: 1.27E+07 
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6-well plates were seeded with 3 × 10^6 Huh7 cells. Each well had 3 ml full DMEM medium with 8 μg 

/ml of polybrene (to increase the efficiency of transduction). In each well, the following amount of lenti-

virus-containing supernatant was added: 1 ml, 750 μl, 600 μl, 500 μl, 250 μl, 100 μl, 50 μl, 25 μl, or 0 

μl. The content of each well was then thoroughly mixed by pipetting up and down. The plates were then 

centrifuged at 1000 RPM for 90 min at 33 °C (so called spinfection) and then incubated for further 24 

hours. Thereafter, the medium was removed, cells were very genetly washed with 400 μl TrypLE™ 

Express Enzyme per well. Next, 100 μl of TrypLE™ was added to each well and incubated at 37 °C for 

5 min to detach the cells. The cells were then re-suspended by adding 2 ml of full DMEM medium per 

well with pipetting up and down. Cells in all conditions grew to the same level of confluency and hence 

the cell concentration for only the 0 μl lenti-virus supernatant condition was then determined. For each 

of the other lenti-virus supernatant conditions, 4 wells of a 96-well clear bottom black tissue culture 

plate were seeded with 4 × 10^3 of the transduced Huh7 cells (i.e. four wells for one transduction 

condition). 100 μl of full DMEM medium was used for the seeding. An additional 100 μl of DMEM 

medium with the corresponding selection antibiotic (puromycin 1μg/ml) for the virus at an appropriate 

final concentration was added to 2 wells and 100 μl of regular DMEM medium to the other 2 wells. 

After 72–96 h, mock-infected cells should be all dead and cells incubated with no antibiotic should reach 

confluency of 80 to 90%.  When this was the case, the cell viability for the rest of the conditions were 

quantified using CellTiter-Glo Luminescent Cell Viability Assay according to the manufacturer’s 

protocol. This assay qunaitify the presence of ATP and uses it as a proxy for metabolically active (alive) 

cells. The MOI was then calculated as the average luminescence, representing cell viability, of the 2 

wells containing antibiotic marker divided by the average luminescence of the 2 wells without antibiotic. 

This resulted in a linear relationship between the added volume of the lenti-virus supernatant and the 

MOI at lower volumes and saturation at higher volumes. 

 

3.3.2 Testing for mycoplasma  

 

Mycoplasmas are type of bacteria that lack a cell wall. They are part of Mollicutes class and are the 

smallest known self-replicating organisms (Drexler and Uphoff 2002). Contamination with 

Mycoplasmas is a wide spread issue that can compromise the integrity of any experiment that involves 

eukaryotic cell culture (Drexler and Uphoff 2002). Hence, it was very important to control for 

Mycoplasmas contamination regularly and before embarking on large or small-scale experiments 

throughout this study. For this purpose, the PCR-Test kit A3744 from AppliChem was used to test the 

supernatant of cultured cells reaching confluency of about 90% for any contamination with 

Mycoplasmas. The tests were carried out regulary in collaboration with the technician Petra Kronich 

from the Kracht working group in accordance with the kit provider protocol.   
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3.4 Biochemistry 

Several biochemical methods have been utilized in this study mainly to investigate proteins levels, 

interactions or translation rate. In all cases, the first step was harvesting and lysing the cells.  

 

3.4.1 Lysing the cells 

   

Cells were lysed in different lysis buffers using different procedures depending on the sample and the 

downstream application. In this section, focus will be on lysing procedures for Western blotting while 

for other downstream applications (such as BioID), the lysing procedures are delineated in the 

corresponding sections.   

After harvesting the cells, the pellets were re-suspended in an appropriate amount (based on the pellet 

size, usually a pellet to buffer ratio of 1:50) of the Triton-based lysis buffer (called special-lysis buffer 

in the lab). The cells were then incubated on ice for 15 minutes followed by centrifugation for 15 minutes 

at 10000 RPM, 4°C. The “Table-centrifuge 5415 R” was used in this and in the following steps unless 

otherwise stated. The supernatant after the centrifugation step was then transferred to new tubes and the 

concentrations of the proteins were determined using Bradford assay.  

Alternatively, cells were also lysed using SDS-buffer as follows: cell pellets were re-suspended in 90 µl 

of ice-cold Ca2+/Mg2+-free PBS and transferred to fresh tubes. Afterward, 10 µl of 10% SDS buffer was 

added to the samples. Subsequently, the samples were heated for 10 min at 100 °C followed by 

centrifugation at 600 RPM for 1 min at room temperature. Supernatants were then transferred to new 

tubes and heated again for 10 min at 100 °C followed by centrifugation at 600 RPM for 1 min at room 

temperature.  

Cells infected with either MERS or SARS-CoV-2 were lysed using the SDS-buffer as indicated above 

at BSL 3 facility by Dr. Christin Mueller. 

 

3.4.2 Bradford assay  

  

The Bradford assay is a colorimetric protein assay that is used frequently to determine protein 

concentration in a sample. The principle of the method relies on the dye Coomassie brilliant blue G-250 

changing absorbance from 465 to 595 nm upon binding to limited number of amino acids (namely 

phenylalanine, lysine, histidine, arginine, tryptophan, and tyrosine) of proteins in the sample (Brunelle 

et al. 2017). A change in color from red to blue can be observed and the optical density can be quantified. 

The binding of the dye to proteins is fast and the color change is stable for about an hour (Bradford 

1976). 
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The assay was carried out for samples lysed with special-lysis buffer as follows: cell lysates were diluted 

1:300 in PBS. BSA standard series in PBS with the following concentrations were already prepared: 0 

μg/ml, 5 μg/ml, 10 μg/ml, 15 μg/ml, 20 μg/ml, 25 μg/ml, 30 μg/ml, 35 μg /ml.  Next, 100 μl from the 

diluted samples and the standards were pipetted into a 96-well plate as a technical triplicate or duplicate. 

Additional 100 μl of 40% Roti-Quant staining solution diluted in water was subsequently added to the 

unknown samples and to the standards. Microplate Spectrophotometer reader was used to measure the 

optical density at 595 nm of all samples and protein concentrations were calculated using the standards 

concentrations fitted to a liner curve. 

For samples lysed with SDS buffer, the assay was carried out as follows: cell lysates were diluted 1:150 

in PBS. Same BSA standard concentrations as explained above were used and 100 μl from the diluted 

samples and the standards were pipetted into a 96-well plate as a technical triplicate or duplicate. 100 μl 

of Pierce™ Detergent Compatible Bradford was added to the unknown samples and to the standards. A 

Microplate Spectrophotometer reader was used to measure the optical density at 595 nm of all samples 

and protein concentrations were calculated using the standards concentrations fitted to a quadratic curve. 

 

3.4.3 SDS-PAGE   

 

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) is an electrophoretic method 

that was developed by Laemmli (Laemmli 1970). The method is used to separate proteins based on their 

molecular weights through eliminating the influence of the protein structure and differences in total 

charge. The SDS (which is a detergent) binding to proteins hydrophobic regions promotes their 

denaturation and the establishment of a uniform overall  net negative charge causing the proteins to 

migrate toward the positive terminal of the electrical chamber, the anode,  when subjected to electrical 

field. Hence, the migration of the proteins will be solely based on their molecular weights. The 

polyacrylamide (polymerized acrylamide, gel) forms a mesh-like matrix through which proteins of 

different sizes migrate.  

The gels used in this study were prepared shortly before loading the samples and consisted of two parts: 

a stacking gel and a separating gel. The stacking gel had a constant acrylamide concentration of 5% 

while that of the separating gel varied (7-12%) according to the investigated proteins molecular weights 

or specific research question. The following table shows the recipes to make 5 ml stacking gel and 27 

ml separating gel with an acrylamide concertation of 10% (used very frequently in this study):  

Components stacking gel (5% acrylamide; 5 ml) Separating Gel (10% acrylamide; 27 ml) 

Stacking gel buffer 0.63ml - 

Separating Gel Buffer - 10.3ml 

Rotiphoresis Gel 30 0.84ml 9ml 

Glycerol 50% (v/v) 0.45ml 2.4ml 

SDS 2% (w/v) 0.25ml 1.35ml 
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Water 2.8ml 3.8ml 

APS 40% (w/v) 15 µl 41 µl 

TEMED 10 µl 27 µl 

The separating gel was then casted and allowed to solidify. Subsequently the stacking gel was poured 

and a comb with appropriate well numbers was inserted into it until it solidified. The comb was removed 

and the protein samples were mixed with ROTI®Load 1 (4 times concentrated) and then heated at 95°C 

for 10 min. After loading the samples and the PageRuler™ prestained protein ladder, the electrophoresis 

was then carried out in 1x Laemmli running buffer with constant current values of 35 to 50 mA per gel.  

 

3.4.4 Semi-dry Western blotting   

 

After separating proteins in a sample based on their molecular weights using SDS-PAGE, detecting a 

particular protein of interest (or a post-translation modification of that protein) can be carried out using 

Western blotting followed by incubation with specific antibodies that allow detection based on enhanced 

chemiluminesence light  reaction (ECL). The method goes as follows: the SDS-PAGE gel containing 

separated proteins was stacked together with a PVDF (polyvinylidene fluoride) membrane and four filter 

papers soaked in 1x blotting buffer. The order of the components of this “sandwich” is very important 

and should be as follows (top to bottom): two filter papers, the gel, the PVDF membrane, and two filter 

papers. With this exact order, the “sandwich” was then placed on the positive terminal of the transfer 

chamber to allow the negatively charged proteins to migrate out of the gel to the PVDF membrane 

towards the plus pole. The transfer was then allowed to proceed for 2 hours 15 minutes at a constant 

current of 0.75 mA per cm2 of the membrane. After the end of the transfer, the proteins on the PVDF 

membrane were stained with Ponceau S to control/troubleshoot any possible technical failures of the 

transfer process. The stained membrane was then documented and subsequently de-stained using TBS-

T buffer. In order to block the non-specific binding sites on the membrane, it was incubated with 5% 

(w/v) skimmed milk powder dissolved in TBS-T buffer (blocking buffer) for 1 hour at room temperature. 

Afterward, the blocking solution was discarded and primary antibodies targeting protein of interest 

diluted according to providers’ instructions was added to the membrane and incubated overnight at 4°C. 

The next day, the primary antibody solution was subsequently collected to be re-used again and the 

membrane was washed four times with TBS-T buffer with 5 minutes shaking period in-between washes 

to remove any free unbound antibodies. Then, an incubation period of 2 hours at room temperature of 

the membrane with horseradish peroxidase (HRP)-coupled secondary antibodies at a dilution of 1:2500 

in 5% (w/v) milk powder dissolved in TBS-T buffer was performed. Afterwards, the membrane was 

washed again as described above four times. Finally, the membrane was incubated with Amersham ECL 

Western Blotting Detection Reagent or Immobilion Western Chemiluminescent HRP substrates 

according to the manufacturer's instructions to detect the chemiluminescence signal of the secondary 

antibodies using the ChemiDoc™ Touch Imaging System. All incubation periods mentioned above were 
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done with continuous shaking. Protein bands were then quantified using ImageLab software as 

illustrated in the following example (Fig. 9):  

 

Lane 

Band 

No. 

Relative 

Front 

Adj. 

Volume 

(Int) Volume (Int) 
Relative quantification 

(using Adj. Volume) Band % Lane % 

1 1 0.264368 610080 1418520 1 100 94.241226 

2 1 0.275862 498464 1216486 0.817047 100 94.157115 

3 1 0.264368 128193 879216 0.210125 100 78.900624 

4 1 0.275862 1566903 2338323 2.568357 100 97.304432 

5 1 0.264368 1546416 2269728 2.534776 100 96.732497 

6 1 0.241379 2549154 3322910 4.178393 100 97.674723 

7 1 0.241379 2334376 3157748 3.826344 100 97.223698 

Figure 9: An illsurative example taken from this study of quantifying protein bands using 

ImageLab software.  
Number of lanes (blue boxes) and bands (vertical violet lines) were determined/selected manually. Bands 

boundaries (discontinuous, vertical violet lines) were adjusted to be as comparable (covering the same area) as 

possible between different conidations. A reference band was then selected (usually the untreated or otherwise 

stated, indicated here by R and red box). Thereafter, the software will generate the table shown below.  

 

3.4.4 BioID   

 

The protocol for the BioID experiments (miniTurbo or BirA constructs) goes as follows:  

Huh7 cells were seeded into appropriate dish sizes using tetracycline-free medium to prevent unwanted 

activation of the tet-on system controlling the expression of the constructs. The number of cells used 

(and hence dish sizes) depended on the downstream application; 3x10^6 Cells in T145 dishes for pulling 

down biotinylated proteins and mass spectrometry, and 3x10^5 in 60 mm dishes for whole-cell extracts 

investigation on Western blot. Cells were allowed to grow for 24 hours and then transfected with the 

miniTurbo or BirA constructs using calcium phosphate (CaCl2) method as previously delineated. After 

the transfection procedure, cells were then treated with doxycycline to induce the tet-on with final 

concentrations as indicated in the results section. 50 μM of exogenous biotin was added to experimental 

conditions as indicated. Dishes were then incubated at 33°C or at 37°C for further 24 hours. For BioID 

experiments that involved virus infection, the dishes were incubated at 33°C for half an hour after the 

addition of doxycycline and biotin. Thereafter, cells were infected with HCoV-229E (MOI of 1) and 

incubated for further 24 hours. Cells from dishes used only to obtain whole-cell extracts for western blot 
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analysis were harvested, lysed using BioID lysis buffer and subjected to Western blotting as previously 

delineated.     

Cells from dishes used for pulling down biotinylated proteins (and subsequent mass spectrometry 

analysis) were washed twice with ice-cold PBS after the removal of the medium.  The cells were then 

harvested by scraping them in 10 ml of ice-cold PBS followed by 5 minutes, 4°C centrifugation at 900 

RPM (Table-centrifuge 5415 R, for the following steps as well). The PBS was then removed and cells 

were re-suspend in 475 µl 50 mM Tris (pH 7.5/HCl) and 50 µl 10% Triton X-100. The cells 

resuspensions were then transferred to either 15 ml sonication tube or 1.5 ml sonication Eppendorf tubes. 

To each cell resuspension, 250 µl of room temperature BioID lysis buffer was added and the mixture 

was incubated on ice for 10 minutes. To reduce the viscosity, samples were sonicated at 4°C using 

Bioruptor machine with the following power settings: three cycles, ON: 30 sec, OFF: 30 sec, power 

high. The samples were then centrifuged at 16000 RPM for 15 minutes at 4°C to obtain cell lysates. 1% 

of the cell lysates was saved to test on Western blotting. Next, the affinity purification of biotinylated 

proteins was carried out as follows: 30 µl streptavidin agarose beads were added to 1.5 ml tubes filled 

with 1 ml of BioID lysis buffer. The beads were then centrifuged at 1000 RPM for 2 minutes at room 

temperature. The supernatant was then carefully removed without disturbing the beads and 30 µl of the 

BioID lysis buffer was added to each tube. Afterward, 700 µl of cell lysates were added to the beads and 

the mixture was incubated overnight at 4°C with continuous rotation. The next day, beads + lysates 

mixture was centrifuged at 1000 RPM for 2 minutes at room temperature. 1% of the supernatant was 

saved to test for unbound biotinylated proteins on Western blotting. The beads were then washed by 

adding 500 µl of the following wash buffers (see Materials for recipes):  

Washing buffer Times Temperature 

Wash Buffer I 1 Room temperature 

Wash Buffer II 2 4°C 

Wash Buffer III 2 4°C 

Wash Buffer IV 1 4°C 

 

In-between the washing steps, centrifuging at 1000 RPM for 2 minutes and the removal of the 

supernatant of the previous wash was carried out. After the last washing step, the beads were re-

suspended in 1 ml of Wash Buffer V at 4°C. 20% of beads were transferred to fresh tubes for western 

blotting or sliver staining while the remaining 80% were sent mass spectrometry. For Western blotting 

or sliver staining, the supernatant was removed by 2 minutes of centrifugation at 1000 RPM, 4°C. The 

proteins were eluted through adding 30 µl of ROTI®Load 1 (2 times concentrated) followed by heating 

the samples at 95 °C for 10 minutes. 
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3.4.5 Silver staining    

 

The silver staining of gels after SDS-PAGE to visualize the amount of proteins, especially in a pulldown 

experiment, was carried out as follows:  After the compilation of the SDS-PAGE run, the gel was 

incubated in the fixing solution (see Materials for recipes), overnight at 4°C with continues shaking. 

Next day, the fixing solution was discarded and the gel was washed 4 times with water. Afterward, the 

gel was incubated with incubation solution for 1 hour followed by 6 times washing with water. Each of 

the washing steps mentioned above were done for 10 minutes with shaking at room temperature. The 

gel was then incubated with the staining solution for 1 hour followed by 2 times washing with water for 

1 minute each time. The developer solution was then added to the gel and the progress of the staining 

(appearance of bands and their intensities) was monitored. The process was stopped when the bands 

intensities reached a good visible level by adding the stop solution. The stained gel was then documented 

and stored in 1% acetic acid solution at 4°C, away from light or discarded. 

 

3.4.6 L-HPG labelling using click chemistry 

 

The labelling of nascent polypeptide chains with L-HPG using click chemistry was done as follows: 

3x10^6 cells were seeded in T145 dishes. The cells were allowed to grow for 24 hours at 37 °C and then 

infected/treated as described for further 24 hours at 33°C. At 2.5 hours before the end of the 24 hours 

infection/treatment period, cells were incubated in a methionine-free medium fortified with 6 mM of L-

glutamine and 0.5 mM L-cysteine for half an hour followed by incubation with L-HPG for the remaining 

2 hours, all at 33°C. Cells were then harvested as previously described and cell pellets were stored at -

80°C. Subsequently, cell pellets were lysed with 1 ml click-chemistry lysis buffer and incubated on ice 

for 15 minutes with intermittent vortexing. The mixture was then centrifuged at 16000 RPM (Table-

centrifuge 5415 R, for the following steps as well unless otherwise stated) for 30 minutes at 4°C. The 

supernatant was then transferred to new tubes. The concentrations of proteins in the samples were then 

determined using Pierce Bradford-Assay with a dilution of 1:300 in PBS. At this point, 25 µg of the 

lysate was saved to be investigated on Western blot. The next step was for pre-clearing of the lysates (to 

remove endogenously biotinylated proteins) and conjugation of biotin-azide using click reaction. For 

this, the following was done: 60 µl of well-mixed high capacity streptavidin agarose resin were added 

to 1.5 ml tubes filled with 500 µl click-chemistry lysis buffer. The mixture was then centrifuged at 1000 

RPM for 2 min at 4°C. The supernatant was discarded carefully and the beads were then incubated with 

volume of lysates corresponding to 1.8 mg proteins (as calculated from Bradford assay). The tubes were 

then filled up to 1 ml with click-chemistry lysis buffer and allowed to rotate overnight at 4°C.  Next day, 

the supernatants (representing the pre-cleared lysates) were collected through centrifugation at 1000 

RPM for 2 min at 4°C and the beads were discarded. The following reaction mixture for the conjugation 

of the biotin-azide to the L-HPG was prepared as follows (final volume of 4.5 ml in this example):  
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Reagents Stock concentration  Final concentration dilution 4.5 ml 

biotin-azide 15.3 mM DMSO (+Argon) 0.625 mM 1: 24.5 184 µl 

TCEP 174.3 mM H2O 6.25 mM 1: 27.9 161 µl 

TBTA 56.5 mM DMSO (+Argon) 0.625 mM 1:90.4 49.8 µl 

CuSO4*5H2O 1 M in H2O 6.25 mM 1:160 28.1 µl 

SDS 20% 6.25% 1:3.2 1406 µl 

Add H2O    2671 µl 

 

160 µl of the above reaction mixture was added per 1 ml pre-cleared lysate. The new mixture was then 

allowed to rotate for 1.5 hour at room temperature. The click-lysate is now ready for the next step of 

protein precipitation and purification: In this step the click-lysate was transferred to 5 ml Greiner tubes  

and 4 ml acetone cooled down to -20 ° C was added. The mixture was incubated overnight at -20°C.  

Next day, the mixture inside the Greiner tubes was centrifuged at 3500 RPM (TJ-25 centrifuge) for 5 

minutes at 4°C using appropriate centrifuge adapters. Acetone was removed and the pellet was washed 

two times with 2 ml methanol cooled down to 4°C with vortexing in-between washes and centrifugation 

at 3500 RPM (TJ-25 centrifuge) for 5 minutes at 4°C. In the final washing step, the remaining methanol 

was carefully removed and the pellet was left 5 minutes to dry out any remaining methanol. Afterward, 

the pellet was re-suspended in 120 µl PBS with 1% SDS at room temperature and a desalting and re-

buffering of the solution step was carried out using Zebra Spin Columns (Thermo 89882 7k MWCO) 

according to the manufacturer’s guide. This step also removes excess biotin-azide, which might saturate 

the streptavidin beads later on. The columns were washed 2 times with 300 µl of the washing buffer 

(PBS with 1% NP-40 & 0.1% SDS).  The flow through was discarded each time through centrifugation 

at 1500 RPM (Table-centrifuge 5415 R) for 1 minute. The columns were then transferred to new 

collecting tubes and the samples were loaded into the column. The samples were then allowed to pass 

through the columns through centrifugation at 1500 RPM (Table-centrifuge 5415 R) for 2 minutes. The 

flow through is now the click-eluate and should be kept on ice. The protein concentrations in the click-

eluate were measured using Pierce Bradford assay with dilutions of 1:400 in PBS. At this point, 25 µg 

of the click-eluate was saved to be investigated on Western blot as a proof of a successful click reaction. 

The final stage was the streptavidin agarose beads pulldown and it was carried as follows: 60 µl of well-

mixed high capacity streptavidin agarose beads were added to 1.5 ml tubes filled with 500 µl 1% NP-

40, 0.1% SDS in PBS. The mixture was then centrifuged at 2000 RPM (Table-centrifuge 5415 R) for 1 

min at 4°C. The supernatant was discarded carefully and the beads were then incubated with volume of 

click-eluate corresponding to 600 µg of proteins (as calculated from Bradford assay). The tubes were 

then filled up to 700 ml with 1% NP-40, 0.1% SDS in PBS and allowed to rotate overnight at 4°C. The 

next day, supernatants were discarded (can also be saved as a diagnostic point if needed) through 

centrifugation at 1000 RPM (Table-centrifuge 5415 R) for 2 minute. The beads were then washed as 

follows:  
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Washing buffer Times Temperature 

PBS with 1% NP-40, 0.1% SDS/ 500 µl 2 with 10 minutes rotation 4°C 

Ice-cold PBS with 6 M Urea/ 500 µl 3 with 10 minutes rotation 4°C 

Ice-cold PBS/ 500 µl 3 with 10 minutes rotation 4°C 

 

After the washing steps, 50 µl ROTI®Load 1 (2 times concentrated) was added and the samples were 

heated at 95°C for 20 minutes. Eluted samples were either stored at -20°C or loaded directly on SDS-

PAGE for Western blot analysis.  

 

3.4.7 Mass spectrometry 

 

3.4.7.1 MERS-CoV and SARS-CoV-2 samples processing for mass spectrometry 

 

Samples for MERS-CoV and SARS-CoV-2 processing was described in Shaban et al (Shaban et al. 

2021) as follows:  

After measuring their protein concentrations using reagent compatible Bradford assay, samples (lysed 

in SDS lysis buffer) were sent to the “Mass spectrometry facility of the Department of Chemistry, 

Philipps University, Marburg, Germany”, headed by Dr. Uwe Linne, to perform the measurements. In 

there, samples were processed as follows: The filter-aided sample preparation (FASP) protocol was 

carried out using Microcon YM-30 filter devices to exchange the SDS buffer to an 8 M urea buffer 

(Sielaff et al. 2017). To allow optimal accessibility of trypsin to cleavage sites within the protein through 

the disruption of disulfide bonds formation, iodoacetamide was used to alkylate cysteines residues. 

Preparing for the tryptic digestion, the 8 M urea buffer was then exchanged to 50 mM ammonium-

bicarbonate buffer (pH of 8.0). Subsequently, the samples were digested in filter-units using trypsin, 

followed by overnight incubation at 37 °C. Digested peptides were then eluted from the filter-units in 

fresh tubes by the addition of 50 µL 0.5 M NaCl solution followed by centrifugation at 14.000 × g for 

10 min. Vacuum concentrator was then used to dry out the pellets before re-suspending them in 25 µl of 

0.1% formic acid. Thereafter, chromabond C18WP spin columns (Macherey-Nagel) were used to desalt 

and concentrate the peptides that were then dissolved in 25µl water with 5% acetonitrile and 0.1% formic 

acid.  

200 ng of the peptides was injected on the separation column of the timsTOF Pro mass spectrometer 

(Bruker Daltonic) connected to a nanoElute HPLC system, at a constant pressure of 800 bar.  

The separation of the digested peptides was carried out at 50 °C column temperature. The following 

solutions were used for the separation: water/0.1% formic acid (solvent A) and acetonitrile/0.1% formic 

acid (solvent B).  The flow rate was 400 nl per minute and the separation gradients were as follows: 

Linear increase in B from 2% to 17 % in 60 minutes. Afterward, linear gradient of B to 25% in 
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30 minutes, followed by a linear increase in B to 37% in 10 minutes. Following that, B was increased to 

95% in 10 minutes and remained at that level for another 10 minutes. The Data-dependent acquisition 

mode (DDA PASEF-standard_1.1sec_cycletime, developed by Bruker Daltonics) was used for mass 

spectrometric measurement.  

3.4.7.2 BioID-ATF3 samples processing for mass spectrometry  

 

For the BioID experiment the samples were sent to the Mass spectrometry facility (mentioned above) 

bound to beads in BioID Wash Buffer V (see Materials secion). In there the samples were processed as 

follow: Samples-bound beads were washed with 100 µL of ammonium-bicarbonate buffer (0.1 M) for 

three times. Thereafter, Sequencing Grade Modified Trypsin (Serva) was added to the samples (to 

perform on-bead digestion) for an incubation period of 45 minutes at 37 °C. The supernatant was then 

collected in fresh tubes and incubated overnight at 37°C. Thereafter, chromabond C18WP spin columns 

(Macherey-Nagel) were used to desalt and concentrate the peptides that were then dissolved in 25µl 

water with 5% acetonitrile and 0.1% formic acid. The rest was carried out the same as delinated in the 

previous section.  

 

3.5 Cell biology 

 

3.5.1 Assessing cells viability  

 

To assess the viability of cells infected with HCoV-229E, and/or treated with different pharmacological 

compounds (as indicated in the results section), MTS assay from The CellTiter 96® AQueous One 

Solution Cell Proliferation Assay kit was carried out according to the manufacturer’s user manual. Huh7 

cells (1.2 × 10^4) or MRC-5 (1 × 10^4) cells were seeded in 96-well plates and allowed to grow for 24 

hours. The wells containing the cells were then treated and/or infected as shown in the figure legends of 

the results section. At the end of the corresponding incubation periods, 4 µl or 20 µl CellTiter 96® 

AQueous one solution reagent was mixed with fresh medium to a volume of 100 µl and added to the 

wells after discarding the old medium. The cells were then incubated for 1 hour at 33 °C. Microplate 

Spectrophotometer reader was used then to measure the absorbance of the different samples at 490 nm. 

The absorbance of the medium per se (i.e. with no cells) at 490 nm was used to correct for background 

absorbance and was subtracted from all values. The values of cell viability were calculated as a ratio of 

mean values of all technical replicates of an experimental condition to the mean values of the untreated 

controls. The mean values of the untreated controls were set to 100%.  

Assessing the viability of VERO-E6 cells was carried out using ATPlite and MTT assaies by Dr. Christin 

Mueller, Institute of Medical Virology, Justus Liebig University, Giessen, as follows: The cells were 
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seeded in a 96-well format to near confluency. Afterward the cells were treated with a serial dilution of 

thapsigargin for 24 hours, as indicated in the results section. At the end of the incubation period, the cell 

culture supernatans were removed and 100 µl of ATPlite assay was added to the cells and incubated for 

10 minutes. The luminescence was then measured using a Spark 10 M instrument (Tecan).  

For the MTT assay, 200 µl of MTT mix (DMEM supplemented with 10% FCS containing 250 µg/ml 

tetrazolium bromide, Sigma) was added to the cells and samples were incubated for 90-120 minutes at 

37°C. In the same step, the cells were fixed using 3.7% PFA in PBS solution. 200 µl of isopropanol was 

added to each well to dissolve the Formazan crystals (the insoluble product of the reduction of the MTT 

reagent by viable cells dehydrogenase enzymes). ELISA reader (BioTek) was then used to measure the 

absorbance at 490 nm.  

For both assays, the readout values (luminescence and absorbance values) were used to calculate the 

CC50 values, referenced to the untreated control (set to 100%), using non-linear regression method on 

GraphPadPrism 5.0 (GraphPad Software). 

 

3.5.2 Indirect immunofluorescence (IF)  

 

9000 cells per slot were seeded in µ-slides VI (Ibidi). The cells were then allowed to adhere and grow 

for 24 hours at 37°C. Slots were treated/infected, as indicated in the results section, for 24 hours at 33°C. 

At the end of the incubation period, Ibidis were taken out to room temperature and the following IF 

protocol was carried out:  

The slots were washed two times with 150 μl Hank’s buffer salt solution (HBSS) for 5 minutes at each 

wash. The cells were then fixed with 100 μl of 4% paraformaldehyde in PBS for 5 minutes. Thereafter, 

the cells were washed two times with 150 μl HBSS for 10 minutes at each wash and then permeabilized 

and blocked with 100 μl of 10% normal donkey serum (diluted in HBSS with 0.005% saponin) for 

20 min. After blocking, the cells were incubated with 100 μl of primary antibodies (diluted in HBSS 

with 0.005% saponin) for 2 hours at room temperature. Control slots received 100 µl of HBSS with 

0.005% saponin only. The cells were then washed three times with 150 μl HBSS with 0.005% saponin 

for 10 minutes each wash. Thereafter, 100 μl of secondary antibodies diluted in HBSS with 0.005% 

saponin were added and incubated for 2 hours at room temperature in darkness. Secondary antibodies 

conjugated to the following dyes were used with the indicated dilutions and final concentrations:  

Secondary antibody Final concentration Dilution 

Cy3-mouse  1.25 μg/ml 1:100  
DyLight488-rabit  5 μg/ml 1:100  
Cy3-rabit  1.25 μg/ml 1:100  
DyLight488-mouse  5 μg/ml 1:100  
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After the end of the incubation period with the secondary antibodies, the cells were washed three times 

with 150 μl HBSS with 0.005% saponin for 10 minutes each wash. Thereafter, nuclei were stained using 

100μl Hoechst 33342 solution (diluted 1:1000 in Hank’s BSS) for 5 minutes, followed by two times 

washing with 150 μl HBSS with 0.005% saponin for 5 minutes each wash. Finally, slots were covered 

with 50 µl of 30% Glycerol (diluted in HBSS) and stored overnight at 4°C. Immunofluorescence was 

analyzed the next day using a Leica DMi8, and the Leica LASX software. The following filter cubes 

were used: Dylight488: excitation 480/40 and emission 527/30, Cy3: excitation 560/40 and emission 

630/75, and Hoechst 33342: excitation 405/60 and emission 470/50. Exposure times were kept equal 

between samples of the same experiment.  

3.6 Bioinformatics analysis 

 

3.6.1 Data analysis of MERS-CoV and SARS-CoV-2 mass spectrometry samples 

 

Experiments with each virus (with conditions indicated in the results section) were performed as two 

biological and three technical replicas. The raw data acquired after the end of the mass spectrometric 

runs were analyzed using using MaxQuant software. The built-in Andromeda search engine was used 

to annotate and assign protein identifiers. The following Uniprot databases were used as reference for 

the annotation and assignment process:  

Organism Uniprot ID 

Homo sapiens (Huh7 cells) UP000005640 (Release 2019_06 of 03-Jul-

2019) 

Chlorocebus sabaeus (VERO-E6 cells),  

Green monkey, Cercopithecus sabaeus 

UP000029965 (Release  

2020_02 of 22-Apr-2020) 

MERS-CoV UP000139997 and UP000171868 

SARS-CoV-2 UP000464024 

 

The following parameters were used in the MaxQuant software for the two viruses’ experiments:  

Parameter Value 

Version 1.6.17.0  

User name - 

Machine name - 

Date of writing - 

Include contaminants True 

PSM FDR 0.01 

PSM FDR Crosslink 0.01 

Protein FDR 0.01 

Site FDR 0.01 

Use Normalized Ratios For Occupancy True 

Min. peptide Length 7 

Min. score for unmodified peptides 0 

Min. score for modified peptides 40 

Min. delta score for unmodified peptides 0 
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Min. delta score for modified peptides 6 

Min. unique peptides 0 

Min. razor peptides 1 

Min. peptides 1 

Use only unmodified peptides and True 

Modifications included in protein quantification Oxidation (M);Acetyl (Protein N-term) 

Peptides used for protein quantification Razor 

Discard unmodified counterpart peptides True 

Label min. ratio count 2 

Use delta score False 

iBAQ True 

iBAQ log fit True 

Match between runs True 

Matching time window [min] 0.7 

Match ion mobility window [indices] 0.05 

Alignment time window [min] 20 

Alignment ion mobility window [indices] 1 

Find dependent peptides False 

Fasta file  
-Decoy mode revert 

Include contaminants True 

Advanced ratios True 

Fixed andromeda index folder  

Combined folder location  
Second peptides True 

Stabilize large LFQ ratios True 

Separate LFQ in parameter groups True 

Require MS/MS for LFQ comparisons True 

Calculate peak properties False 

Main search max. combinations 200 

Advanced site intensities True 

Write msScans table False 

Write msmsScans table True 

Write ms3Scans table True 

Write allPeptides table True 

Write mzRange table True 

Write DIA fragments table False 

Write pasefMsmsScans table True 

Write accumulatedPasefMsmsScans table False 

Max. peptide mass [Da] 4600 

Min. peptide length for unspecific search 8 

Max. peptide length for unspecific search 25 

Razor protein FDR True 

Disable MD5 False 

Max mods in site table 3 

Match unidentified features False 

Epsilon score for mutations  
Evaluate variant peptides separately True 

Variation mode None 

MS/MS tol. (FTMS) 20 ppm 

Top MS/MS peaks per Da interval. (FTMS) 12 

Da interval. (FTMS) 100 

MS/MS deisotoping (FTMS) True 
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MS/MS deisotoping tolerance (FTMS) 7 

MS/MS deisotoping tolerance unit (FTMS) ppm 

MS/MS higher charges (FTMS) True 

MS/MS water loss (FTMS) True 

MS/MS ammonia loss (FTMS) True 

MS/MS dependent losses (FTMS) True 

MS/MS recalibration (FTMS) False 

MS/MS tol. (ITMS) 0.5 Da 

Top MS/MS peaks per Da interval. (ITMS) 8 

Da interval. (ITMS) 100 

MS/MS deisotoping (ITMS) False 

MS/MS deisotoping tolerance (ITMS) 0.15 

MS/MS deisotoping tolerance unit (ITMS) Da 

MS/MS higher charges (ITMS) True 

MS/MS water loss (ITMS) True 

MS/MS ammonia loss (ITMS) True 

MS/MS dependent losses (ITMS) True 

MS/MS recalibration (ITMS) False 

MS/MS tol. (TOF) 40 ppm 

Top MS/MS peaks per Da interval. (TOF) 10 

Da interval. (TOF) 100 

MS/MS deisotoping (TOF) True 

MS/MS deisotoping tolerance (TOF) 0.01 

MS/MS deisotoping tolerance unit (TOF) Da 

MS/MS higher charges (TOF) True 

MS/MS water loss (TOF) True 

MS/MS ammonia loss (TOF) True 

MS/MS dependent losses (TOF) True 

MS/MS recalibration (TOF) False 

MS/MS tol. (Unknown) 20 ppm 

Top MS/MS peaks per Da interval. (Unknown) 12 

Da interval. (Unknown) 100 

MS/MS deisotoping (Unknown) True 

MS/MS deisotoping tolerance (Unknown) 7 

MS/MS deisotoping tolerance unit (Unknown) ppm 

MS/MS higher charges (Unknown) True 

MS/MS water loss (Unknown) True 

MS/MS ammonia loss (Unknown) True 

MS/MS dependent losses (Unknown) True 

MS/MS recalibration (Unknown) False 

Site tables Oxidation (M)Sites.txt 

 

Perseus software (versions 1.6.10.50 for Huh7 and 1.6.14.0 for Vero-E6 proteomes) was then used to 

further analyze the data and perform statistical tests as delineated in Shaban et al 2021. Briefly:  

The output of MaxQaunt analysis is several txt files including a file named “proteinGroups.txt” that 

contains proteins intensities. This file was then processed using Excel 2016 to a spreadsheet table format 

that is readable and acceptable by Perseus software. In Perseus, proteins intensities were log2-

transformed and normalized using width adjustment method.  IDs flagged or deemed as contaminants 

or reverse sequences were excluded. For each condition, the two biological and three technical replicas 
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were categorized as one group. This allowed then the calculation of ratio values amongst the different 

groups (conditions). Student’s t-test analysis was used to identify DEPs. The lists of DEPs were then 

further processed and filtered using Excel 2016 to produce heatmaps (using the conditional formatting 

function) as described in the results section. Venn diagrams were generated using the tools available 

from http://bioinformatics.psb.ugent.be/webtools/Venn/.  Metascape software was fed with the majority 

protein IDs (for Huh7 cells) or gene IDs (for Vero E6 cells) to perform overrepresentation analyses of 

the DEPs using the express settings in the software. The NCBI gene ID annotation matching that of the 

majority protein IDs was used to discover co-regulated proteins in Huh7 and VERO-E6 cells. The 

STRING database (version 10, https://string-db.org/) was fed with indicated DEP lists (gene IDs) to 

obtain protein-protein interaction networks that were then imported and visualized using Cytoscape 

3.8.0 software.  

4.6.2 Data analysis of BioID-ATF3 mass spectrometry samples 

 

BioID expriement with the miniTurbo-ATF3 constrcut (with conditions indicated in the results section) 

was performed as three biological and two technical replicas. The raw data acquired after the end of the 

mass spectrometric runs were analyzed using using MaxQuant software. The built-in Andromeda search 

engine was used to annotate and assign protein identifiers. The following Uniprot databases were used 

as reference for the annotation and assignment process:  

Organism Uniprot ID 

Homo sapiens (Huh7 cells) UP000005640 (Release 2019_06 of 03-Jul-2019) 

HCoV-229E UP000006716 

 

The following parameters were used in the MaxQuant (version 2.0.3.0) software for the BioID-ATF3 

experiment:  

Parameter Value 

Version 2.0.3.0 

User name Bioinformatik 

Machine name DESKTOP-78071T6 

Date of writing  

Include contaminants True 

PSM FDR  

PSM FDR Crosslink  

Protein FDR  

Site FDR  

Use Normalized Ratios For Occupancy True 

Min. peptide Length  

Min. score for unmodified peptides  

Min. score for modified peptides  

Min. delta score for unmodified peptides  

Min. delta score for modified peptides  

Min. unique peptides  

Min. razor peptides  

http://bioinformatics.psb.ugent.be/webtools/Venn/
https://string-db.org/
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Min. peptides  

Use only unmodified peptides and True 

Modifications included in protein quantification Oxidation (M);Acetyl (Protein N-term) 

Peptides used for protein quantification Razor 

Discard unmodified counterpart peptides True 

Label min. ratio count  

Use delta score False 

iBAQ True 

iBAQ log fit True 

Match between runs True 

Matching time window [min]  

Match ion mobility window [indices]  

Alignment time window [min]  

Alignment ion mobility window [indices]  

Find dependent peptides False 

Decoy mode revert 

Include contaminants True 

Advanced ratios True 

Fixed andromeda index folder  

Combined folder location  
Second peptides False 

Stabilize large LFQ ratios revert 

Separate LFQ in parameter groups True 

Require MS/MS for LFQ comparisons True 

Calculate peak properties False 

Main search max. combinations  

Advanced site intensities True 

Write msScans table False 

Write msmsScans table True 

Write ms3Scans table True 

Write allPeptides table True 

Write mzRange table True 

Write DIA fragments table False 

Write DIA fragments quant table False 

Write pasefMsmsScans table True 

Write accumulatedMsmsScans table True 

Max. peptide mass [Da]  

Min. peptide length for unspecific search  

Max. peptide length for unspecific search  

Razor protein FDR True 

Disable MD5 False 

Max mods in site table  

Match unidentified features False 

Epsilon score for mutations  
Evaluate variant peptides separately True 

Variation mode None 

MS/MS tol. (FTMS) 20 ppm 

Top MS/MS peaks per Da interval. (FTMS)  

Da interval. (FTMS)  

MS/MS deisotoping (FTMS) True 

MS/MS deisotoping tolerance (FTMS)  

MS/MS deisotoping tolerance unit (FTMS) ppm 

MS/MS higher charges (FTMS) True 
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MS/MS water loss (FTMS) True 

MS/MS ammonia loss (FTMS) True 

MS/MS dependent losses (FTMS) True 

MS/MS recalibration (FTMS) False 

MS/MS tol. (ITMS) 0.5 Da 

Top MS/MS peaks per Da interval. (ITMS)  

Da interval. (ITMS)  

MS/MS deisotoping (ITMS) False 

MS/MS deisotoping tolerance (ITMS)  

MS/MS deisotoping tolerance unit (ITMS) Da 

MS/MS higher charges (ITMS) True 

MS/MS water loss (ITMS) True 

MS/MS ammonia loss (ITMS) True 

MS/MS dependent losses (ITMS) True 

MS/MS recalibration (ITMS) False 

MS/MS tol. (TOF) 40 ppm 

Top MS/MS peaks per Da interval. (TOF)  

Da interval. (TOF)  

MS/MS deisotoping (TOF) True 

MS/MS deisotoping tolerance (TOF)  

MS/MS deisotoping tolerance unit (TOF) Da 

MS/MS higher charges (TOF) True 

MS/MS water loss (TOF) True 

MS/MS ammonia loss (TOF) True 

MS/MS dependent losses (TOF) True 

MS/MS recalibration (TOF) False 

MS/MS tol. (Unknown) 20 ppm 

Top MS/MS peaks per Da interval. (Unknown)  

Da interval. (Unknown)  

MS/MS deisotoping (Unknown) True 

MS/MS deisotoping tolerance (Unknown)  

MS/MS deisotoping tolerance unit (Unknown) ppm 

MS/MS higher charges (Unknown) True 

MS/MS water loss (Unknown) True 

MS/MS ammonia loss (Unknown) True 

MS/MS dependent losses (Unknown) True 

MS/MS recalibration (Unknown) False 

Site tables Oxidation (M)Sites.txt 

 

Perseus software (versions 1.6.15.0) was then used to further analyze the data and perform statistical 

tests as follows:  

The output file of MaxQunt “proteinGroups.txt” that contains proteins intensities was processed using 

Excel 2016 to a format that is acceptable by Perseus software. In Perseus, proteins intensities were log2-

transformed and no normalization was used as these were enrichment experiments with possibly very 

different data distributions in the individual conditions.  IDs flagged or deemed as contaminants or 

reverse sequences were excluded. For each condition, the three biological and two technical replicas 

were categorized as one group and technical replicas were averaged. This allowed then the calculation 

of ratio values amongst the different groups (conditions). Lowest value in the log2-transformed 
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intensities table was determined to be 7.7. Based on this value, missing values were imputed by 7 within 

the entire data matrix. The built-in Student’s t-test analysis option with the default settings was used to 

identify DEPs. Figure 10 provides an overview of these steps ordered as carried out and the default 

settings used for the built-in Student’s t-test analysis (Fig. 10). The lists of DEPs were then further 

processed and filtered using Excel 2016 to produce heatmaps and extract filtered ID lists for Venn 

diagrams as described in the results section. Venn diagrams were generated using the tools available 

from http://bioinformatics.psb.ugent.be/webtools/Venn/.   

For pathway-enrichment analyses (Figs. 26, 28, 29, 30, 61 & 62), the Metascape software was fed with 

the majority protein IDs to perform overrepresentation analyses of the DEPs using the express settings 

in the software. The software uses the ontology sources of GO Biological Processes, CORUM, KEGG 

Pathway, WikiPathways, Canonical Pathways, Reactome Gene Sets, TRRUST, DisGeNET, 

PaGenBase, COVID, PANTHER Pathway, Transcription Factor Targets, and all genes in the genome 

as the enrichment background. P-value calculations were carried out using cumulative hypergeometric 

distribution. q-values calculations were based on the Benjamini−Hochberg procedure to account for 

multiple testings. The following criteria was then used to select terms: p-value < 0.01, a minimum count 

of 3, and an enrichment factor > 1.5. 

For hierarchical clustering (Fig. 28) of enriched terms, Kappa scores were used as the similarity measure. 

Sub-trees with a similarity of more than 0.3 were categorized as clusters. The terms with the highest 

statistical significance in a cluster were chosen to represent the cluster. 

The STRING database (version 10, https://string-db.org/) was fed with the indicated DEP lists to obtain 

protein-protein interaction networks with settings indicated in figure legends. These networks (and 

individual nodes) were then imported to Cytoscape 3.8.0 software for further visualization and 

processing. Details of each network are included in the figure legends.  

 

http://bioinformatics.psb.ugent.be/webtools/Venn/
https://string-db.org/
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Figure 10: Example of a workflow of raw data processing in Perseus.  
The raw data from the BioID-ATF3 mass spectrometry experiments were processed in multiple steps as shown 

and explained in the upper part of the figure. The lower part indicates the default settings used for the built-in 

Student’s t-test analysis. Yellow boxes indicate uploaded matrices, blue boxes indicate processed matrices, and 

green boxes indicate functions carried out. The workflow was designed and carried out together with Dr. Axel 

Weber (Prof. Kracht working group).  

  

Two matrices (tables) were uploaded 

into Perseus:

1) The raw data table 

2) The annotation matrix from 

Uniprot. 

Applying the “Matching rows by name” 

function to the two matrices will update 

the raw data matrix to include selected 

annotation info from the second matrix.

The now annotated raw data matrix can 

be filtered:

1) Filtering step #1: removes rows 

flagged  as “Only identified by site”.

2) Filtering step #2: removes rows 

flagged as “Reverse”.

Applying the “Transform” function to the 

previous matrix will log2-transform 

proteins intensities.

Applying the “Rename columns” function 

to give each column a more meaningful 

name in preparation for the next step.

Applying the “Categorical annotation 

rows” function to group technical 

replicas together. This is made possible 

based on the correct naming in the 

previous step. 

Applying the “Average groups” function 

to the previous grouping will output the 

mean of the technical replicas.

Applying the “Categorical annotation 

rows” function to group biological 

replicas together. 

Carrying out the imputation step using 

“Replace missing values by constant” 

function.

Applying the “Average groups” function 

to the previous matrix to output the mean 

of the biological replicas. The “Keep 

original data” option was selected here. 

Applying the “Two-sample tests” function 

to the previous matrix will update the 

previous matrix to include the results of 

the t-test (settings are shown below). The 

resulting matrix can be then exported.
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Chapter 4: Results  

4.1 Activation and pharmacological modulation of the ER stress response in CoV-

infected cells 

Coronaviruses (CoV) replicate in specialized, newly formed subcellular structures called double-

membrane vesicles. These replicative organelles derive from the ER and remain in close spatial 

proximity to the ER (Cortese et al., 2020; Knoops et al., 2008; Snijder et al., 2020). Therefore it was 

expected that coronavirus infection will cause some form of ER stress and activation of the unfolded 

protein response (UPR), but it was unknown if this would occur in a virus-specific fashion.  

To determine the ER stress response under these conditions, initially, the expression and activation status 

of several components of the canonical ER stress pathways were assessed using several methods 

comparing uninfected with infected cells.   

Furthermore, pharmacological modulation of ER stress pathways, either in form of their inhibition or 

activation, was carried out to elucidate the effect of these pathways on viral replication and host 

response. 

4.1.1 The activation status of the ER stress sensors PERK and IRE1α in HCoV-229E-

infected cells and the consequences of their inhibition for the host response and the viral 

replication.    

To understand the involvement of two of the three main UPR sensors, namely PERK and IRE1α, in the 

replication of HCoV-229E, the expression and phosphorylation patterns of the two kinases and their 

substrates were assessed and small molecule inhibitors were applied in these experiments. GSK2606414 

and a newer, optimized version of the same inhibitor, called GSK2656157 (discussed in section 4.1.9), 

were used to inhibit PERK, while KIRA6 was used to inhibit IRE1α as schematically shown in Figure 

11.  
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Figure 11:  The putative roles of the canonical UPR pathways in the host response to CoV 

replication.  
A schematic representation of ER stress sensors, downstream pathways and parameters activated by HCoV-229E 

infection that were investigated in this thesis. The shaded box indicates several functional and (patho-) 

physiological outcomes of ER stress responses. Structures show cell-permeable ATP-competitive agents such as 

GSK2606414 and KIRA6 that were applied in this study to inhibit the ER stress sensors PERK or IRE1α, 

respectively. The scheme was adapted from Fig. 2a, Shaban et al. under a Creative Commons Attribution 4.0 

International License (Shaban et al. 2021). 

 

Western blot analysis revealed that HCoV-229E causes the activation of the UPR sensors PERK and 

IRE1α. The activation of PERK was seen as a mobility shift of the PERK protein band and by the 

inducible phosphorylation of its substrate, eIF2α, at serine 51, a modification well known for its role in 

translational shutdown (Clemens 2001). The activation of IRE1α was indicated by the phosphorylation 

of the serine residue 724. In addition, infection resulted in the downregulation of the major ER chaperone 

BiP (also called GRP78 or HSPA5) and in the upregulation of the transcription factor ATF3, whose role 

in the ER stress response is not well defined (Fig. 12 A & B).  
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Figure 12: Differential effects of the PERK inhibitor GSK2606414 and the IRE1α inhibitor 

KIRA6 on the ER stress response and replication of HCoV-229E.    
Huh7 cells were pre-treated with 10 µM GSK2606414, 1 µM KIRA6, or solvent (0.1% DMSO) for 30 mintues 

either indivudially or in combination as indicated. Then, cells were left either uninfected or infected with HCoV-

229E (MOI of 1) for additional 24 hours. Thereafter, total cell extracts were prepared using Triton-based buffer 

(the special lysis buffer, see Materials) and analyzed by Western blotting.  

  

(A) The panels show representative immunoblots of the investigated host and viral proteins of one of the three 

biological replicas. 

 

(B) The panels indicate corresponding phospho-protein or protein levels quantified from the 3 independent 

biological replicas relative to the untreated/uninfected control. Antibodies against β-actin were used as a loading 

control.  

 

(C) Supernatants from the experiments shown in (A) were used to determine the production of infectious viral 

particles by plaque assay. The Y-axis shows plaque-forming units per milliliter (pfu /ml).   

 

Bars show means ± s.d., while dots show the results from biologically independent experiments. Asterisks indicate 

p values (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) obtained by one-way ANOVA test where the mean 

of each column was compared to the mean of the untreated column, except for the viral proteins and viral titer 

where they were compared to the mean of the infected sample + DMSO. For BiP panel, the last column was 

excluded from the comaprsion.  
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Infection of the cells was evident from viral protein synthesis of the nucleocapsid (N) protein, an 

essential structural protein, and of nsp8, a non-structural protein that is an essential component of the 

viral replication/transcription complex (vRTC) (Fig. 12 A & B).   

GSK2606414 treatments of both infected and uninfected cells resulted in the deactivation of PERK. 

This deactivation was seen by the retraction of the PERK mobility shifts, whereby the various post-

translationally modified forms of this protein collapsed to a faster-migrating band on the SDS-PAGE 

(Fig. 12 A).   

KIRA6 treatment resulted in the downregulation of the serine-724 phosphorylation band induced by the 

virus infection. Intriguingly and somewhat counterintuitively (at least for PERK), treatments of the 

infected and uninfected cells with both inhibitors (individually or combined) resulted in the upregulation 

of basal eIF2α serine 51 (S51) phosphorylation. On the other hand, GSK2606414 treatment alone of 

infected cells reduced the CoV-induced upregulation of S51 phosphorylation as seen in the 

quantification in figure 12 B. KIRA6 treatment of the uninfected cells resulted in the activation of the 

PERK band with a shift pattern of the protein band that is different from the one induced by CoV 

infection (Fig. 12 A).  

The CoV-induced expression of ATF3 was significantly reduced by GSK2606414 and completely 

diminished by KIRA6 treatments. GSK2606414 treatment of the uninfected cells resulted in an 

upregulation of the ATF3 band compared to the steady-state levels. In both infected and uninfected cells, 

BiP levels were reduced with KIRA6 treatments. On the other hand, GSK2606414 treatment of infected 

cells reversed the CoV-induced downregulation of BiP and did not affect its levels in the uninfected 

cells. 

On the viral side, PERK inhibitor treatment either alone or combined with KIRA6 resulted in about 50% 

reduction of the viral N protein as well as the viral NSP8. In contrast, the KIRA6 treatment resulted in 

a slight reduction, although statistically significant, in the levels of N protein but not in the levels of  

nsp8. To investigate whether a drop in the infectious particles accompanied this drop in the levels of the 

viral proteins, plaque assays were performed. In comparison to the DMSO + HCoV-229E control, 

Infected cells treated with GSK2606414, either alone or combined with KIRA6 showed a statitistically 

significant drop of approximately 1.5 log10 scales in the viral titer. On the other hand, only a very slight 

reduction in the viral titer was oberved when infected cells were treated with KIRA6 alone (Fig. 12 C). 

The data above alluded to a possible important role of PERK in the replication of HCoV-229E through 

a cross-talking network of (ER-related) host factors, while IRE1α possibly only played a marginal role 

for the viral replication, but was required or the regulation of at least one inducible host factor, namely 

ATF3.  

Both, the regulation of viral replication and host response were therefore further investigated and the 

results are described in the subsequent sections.   
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4.1.2 Effect of inhibiting ER stress sensors, PERK and IRE1α, on the host de-novo 

protein synthesis levels in cells infected or uninfected with CoV 

 

Throughout multiple kinases and pathways, the cell regulates the phosphorylation of eIF2α on serine 

51, which in turn modulates the level of translation (see the introduction for more details).  To follow 

up on the regulation of eIF2α phosphorylation levels seen in figure 12, a so called “puromycilation 

assay” was carried out. Given that puromycin is structurally similar to tyrosyl-tRNA, the cellular 

translation machinery will incorporate it into the nascent polypeptide chain. This incorporation will 

prevent further elongation and a drop of the polypeptide from the translating ribosome at the A side, 

resulting in size-diverse, truncated (depending on the place of incorporation into the peptide sequence) 

polypeptide chains labeled with puromycin (Fig. 13 A) and (Aviner 2020). These truncated polypeptides 

can then be detected with anti-puromycin antibodies rendering this method suitable to assess the levels 

of protein de-novo synthesis on western blot (Fig. 13 A). Using the same conditions described in figure 

12, uninfected or infected cells, treated with GSK2606414 or with KIRA6 or with both inhibitors, were 

treated with 3 µM of puromycin for 30 minutes (a puro pulse) before harvesting the cells.  As a negative 

control for the method, an additional uninfected sample, treated with the solvent DMSO was left without 

puromycin treatment. Total cell extracts were then subjected to Western blotting.  Coomassie blue 

brilliant (CBB) staining of the membrane was used to visualize the entire population of cellular proteins 

in each sample and to indicate equal loading. Expectedly, the control sample (without the puro pulse) 

showed no signal. In contrast, the uninfected sample, treated with DMSO and pulsed with puromycin 

showed a strong signal across the entire lane indicating the steady-state levels of translation. Cells 

infected with HCoV-229E showed a stark reduction in the translated proteins indicating the translational 

shutdown imposed on the cells by the virus (Fig. 13 B & C). 
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Figure 13: Differential regulation of host proteins de-novo synthesis in the presence or absence of 

HCoV-229E infection by PERK inhibitor GSK2606414 and the IRE1α inhibitor KIRA6.    
Huh7 cells were treated/infected as described in figure 12. Half an hour before the end of the infection/treatment 

period, cells were pulsed with 3 μM of puromycin (puro). Uninfected, 0.1% DMSO-treated cells were either pulsed 

or left without the puro pulse as a negative control. Whole-cell extracts using the special lysis buffer were then 

subjected to western blot analysis. 

 

(A) A schematic representation of the incorporation of puromycin in the nascent polypeptide chain and the 

subsequent premature chain termination.  

(B) Anti-puromycin antibodies immunoblot of one representative replica (out of three biological replicas) (right) 

and CBB staining (left) of the corresponding immunoblot as a loading control and for the visualization of the levels 

of the steady-state proteins.  

(C) The corresponding quantification of the experiment shown in (B) for three independent biological replicas 

relative to the puro-pulsed, DMSO-treated, uninfected control (i.e. steady-state level control).  

Bars show means ± s.d., while dots show the results from biologically independent experiments. Asterisks indicate 

p values (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) obtained by one-way ANOVA test where the mean 

of each column was compared to the mean of the untreated column (pulsed with puromycin). 

 

In accordance with the increased phosphorylation of eIF2α on serine 51 seen in the uninfected samples 

treated with GSK2606414, KIRA6, or both, translational levels in these samples were moderately, but 

in a statistically significant manner, reduced. Samples infected with HCoV-229E and treated with PERK 

inhibitor showed partial restoration of translation (around 50%) while KIRA6 treatment did not affect 

the virus-induced translational shutdown (Fig. 13 B & C).   
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These data for the one hand demonstrate the profound suppression of global protein synthesis within 24 

h of CoV replication and on the other hand reiterate the intimate, yet complicated, connection between 

PERK and translation, in the absence or presence of an external stimulus (ex: virus infection or 

pharmacological compound). This connection was investigated at a deeper level using a more 

sophisticated method, the results for which were delineated in section 4.3.1.  

 

4.1.3 Effect of the chemical compound thapsigargin on the activation of ER stress in the 

context of host response and virus replication  

 

The inhibitor studies from this work (shown above) along with other published literature indicated an 

important, differential yet elusive role of different UPR sensors and components in CoV replication and 

host response (Sims et al. 2021.; Echavarría-Consuegra et al. 2021). These results also pointed out the 

possibility of modulating the UPR pathways as a way to interfere with CoV replication.  

To investigate the role of ER stress and UPR activation in CoV replication a well-known chemical 

inducer of ER stress and UPR pathways, called thapsigargin, was utilized (Fig. 14).  
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Figure 14:  CoV and thapsigargin activation of ER stress and UPR pathways.  
The same sheme as shown in Figure 11 is used to demonstrate the potential effects of thapsigargin that were studied 

in this thesis.  

The scheme was adapted from Fig. 2a, Shaban et al. under a Creative Commons Attribution 4.0 International 

License (Shaban et al. 2021). 

 

Thapsigargin induces ER stress by inhibiting the sarco/endoplasmic reticulum Ca²⁺ ATPase pump 

(SERCA). The depletion of ER calcium results in impairments of normal ER functioning and subsequent 

activation of ER stress and UPR pathways (see introduction for more details) (Shaban, Mayr-Buro, et 

al. 2022). 

Initial experiments that were performed comparing 1 hour or 24 hours of thapsigargin treatment of Huh7 

cells to 24 hours of HCoV-229E infection indicated a differential activation of UPR by both stimuli.  

This led to the question of whether chemically activating UPR is beneficial, detrimental, or irrelevant to 

HCoV-229E replication. Subsequently, a full-scale investigation of this compound was launched in the 

context of three human coronaviruses replication.  

For this purpose, Huh7 cells were infected for 24 hours with HCoV-229E (MOI of 1) or left uninfected. 

The cells (both infected and uninfected) were treated with 1 μM of thapsigargin for 24 hours or 16 hours.  

Uninfected control samples were either treated for 1 hour with 1 μM of thapsigargin or left untreated 

(Fig. 15 A). Cell pellets were used either for RNA extraction followed by RT-qPCR analysis or for 

Western blotting using the special lysis buffer. Supernatants from virus-infected conditions were 

collected and assessed for infectious particles using plaque assay.   

The western blot analysis showed that the viral N protein, nsp8, and nsp12 were all completely 

undetectable after the simultaneous treatment (thapsigargin and CoV for 24 hours). On the other hand, 

residual traces of these viral proteins can still be seen when thapsigargin was added 8 hours after the 

infection (Fig. 15 C). PERK activation pattern differed between 1 hour of thapsigargin treatment and 

the 24 or 16 hours treatments. In the latter two cases (prolonged treatments), a more prominent smear 

(corresponding to multiple bands of PERK) can be seen while in the 1 hour treatment a single, strongly 

shifted (i.e. slower migration) PERK band can be observed (Fig. 15 C). Both BiP and IRE1α protein 

levels increased with the prolonged thapsigargin treatment, while ATF3 levels remained similar to the 

level seen in HCoV-229E infection though a slight decrease can be observed in 24 hours CoV+16 hours 

thapsigargin condition (Fig. 15 C & D). Notably, thapsigargin treatment countered the HCoV-229E-

induced downregulation of BiP.  On the other hand, the 1 hour of thapsigargin treatment alone did not 

significantly increase the levels of any of these factors (ATF3 or BiP) (Fig. 15 C & D).  

To find out whether the disappearance of viral proteins observed on the western blot is reflected by a 

drop in the infectious particles production, a plaque assay was performed. 24 hours after the 

simultaneous thapsigargin + CoV condition, an approximately 100-fold drop (two log10 scales) in the 

viral titer was observed (Fig. 15 B upper panel). Adding thapsigargin 16 hours after the beginning of the 
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infection resulted in a comparable drop (trending upward) to the simultaneous treatment (Fig. 15 B upper 

panel).  

The intracellular viral RNA levels assessed by RT-qPCR showed a profound decrease in the spike RNA 

levels when infected cells were treated with thapsigargin for 24 or 16 hours as compared to the virus-

alone condition (Fig. 15 B lower panel). 
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Figure 15: Thapsgargin profoundly inhibits the replication of HCoV-229E in Huh7 cells. 
Huh7 cells were infected for 24 hours with HCoV-229E (MOI of 1) or left uninfected. The cells (both infected and 

uninfected) were treated with 1 μM of thapsigargin for 24 hours or 16 hours. Uninfected samples were either 

treated for 1 hour with thapsigargin or left untreated. Cell pellets were used either for RNA extraction followed by 

RT-qPCR analysis or for Western blotting using the special lysis buffer. Supernatants from virus-infected 

conditions were collected and assessed for the production of infectious particles using plaque assay. The 

experiment was performed together with the technician Hendrik Weiser (Prof. Kracht working group). Hendrik 

Weiser helped perform the biological replicas.  

The figure was adapted from Fig. 2, Shaban et al. under a Creative Commons Attribution 4.0 International License 

(Shaban et al. 2021).  

(A) A schematic representation of the different experimental conditions described above. 

(B) Upper panel shows the titer change of HCoV-229E by plaque assay expressed as pfu/mL with five biological 

replicas. The lower graph indicates the levels of the viral spike RNA, extracted from infected cells, with four 

biological replicas. The housekeeping gene GUSβ was used for normalization.  

(C) Immunoblots of one representative replica (out of five biological replicas) of investigated host and viral 

proteins with the conditions indicated in (A). β-actin was used as a loading control. 

(D) Corresponding protein and phospho-protein levels from (C), quantified from at least four independent 

biological replicas relative to the untreated/uninfected control.  

All bar graphs show means ± s.d.; asterisks indicate p values (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) 

obtained by two-tailed unpaired t-tests.  

 

To follow up on the profound inhibition of HCoV-229E replication seen on multiple levels in the 24 

hours simultaneous thapsigargin + CoV condition with an orthogonal cell imaging method, an indirect 

immuno-fluorescent assay (IFA) was carried out.  

For this assay, Huh7 cells were infected with HCoV-229E alone, simultaneously treated and infected 

with thapsigargin and HCoV-229E, or left without treatment or infection.  IFA was then performed as 

described in the Methods section using nsp8 (red fluorescence) and double-strand (ds) RNA (green 

fluorescence) antibodies to visualize viral replication and Hoechst staining to visualize the nuclei of the 

cells.   

Infected samples showed a red and green fluorescent signal around the nucleus indicating active viral 

replication sites. Confirming the observations on the Western blot (Fig. 15), infected cells 

simultaneously treated with thapsigargin showed no red or green fluorescent signals (Fig. 16).  
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Figure 16: The anti-viral effect of thapsigargin observed by immuno-florescence analysis. 
Huh7 cells were seeded into Ibidi 6 channel µ-Slides and subsequently either left untreated, infected with MOI of 

1 of HCoV-229E for 24 hours, or simultaneously infected with HCoV-229E and treated with 1 μM of thapsigargin 

(TG) for 24 hours. Cells were then subjected to IFA protocol as described in the method section.  

Images of one representative replica (out of two biological replicas) of fluorescently labeled Huh7 cells with nsp8 

and double-strand RNA antibodies to visualize the HCoV-229E replication sites. Phase-contrast (Ph) light 

microscopy images were used to indicate the morphology of the cells. Hoechst 33342 was used to stain the nuclei 

(blue). The experiment was performed together with Dr. Christin Mayer-Buro (Prof. Kracht working group). Dr. 

Mayer-Buro helped perform the biological replicas and analyzing the data.  

 

Taken together, these data indicated a strong anti-viral effect of thapsigargin on HCoV-229E replication 

in Huh7 cells that can be seen on multiple levels of the viral life cycle.  

 

4.1.4 Effect of prolonged activation of ER stress pathways by thapsigargin on virus-

induced translational shutdown 

 

The phosphorylation of eIF2α on serine 51 remained multiple folds higher than the steady-state level in 

all thapsigargin-treated conditions with 1 hour of thapsigargin showing the highest activation (Fig. 15 

C & D). To investigate whether this continuous activation is paralleled by a continuous inhibition of the 

de-novo synthesis of proteins, a puromycinylation assay was carried out using the same conditions 

described in figure 15 A.  

Samples treated with thapsigargin for 1 hour and samples infected with HCoV-229E alone for 24 hours 

showed a profound drop in newly translated polypeptides. On the other hand, long-term treatments with 

thapsigargin (16 and 24 hours) of both uninfected or infected cells resulted in a partial reversal of the 

translational shutdown. This indicated a possible attempt to restore normal cellular functioning induced 

after the long thapsigargin treatment. Interestingly, this partial reversal of the translational shutdown 

excluded the investigated viral proteins in infected smaples (Fig. 17 A). It also did not coincide with a 

reduction in the phosphorylation of eIF2α on serine 51 if compared to the phosphorylation levels induced 

by CoV alone conidition (Fig. 15 C & D). 

With the same conditions described above, a puromycinylation assay was carried out using an indirect 

immunofluorescence assay. To visualize the levels of puromycin labelling and viral replication, 

puromycin (green fluorescence) and NSP8 (red fluorescence) antibodies were used respectively.  In 

comparison to the control sample without the puromycin pulse, cells pulsed with puromycin displayed 

a strong green fluorescent signal. The 1 hour thapsigargin treatment led to a reduction in the cells 

displaying the green signal. To a lesser extent, cells infected with HCoV-229E or simultaneously 

infected and treated with thapsigargin showed a variety of green signal strengths ranging from reduced 

to disappearing or even increased in some cells (Fig. 17 B). 
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Figure 17: Prolonged treatment of infected cells with thapsigargin partially reverses the HCoV-

229E-induced translational shutdown. 
Huh7 cells with the same conditions described in figure 15 were pulsed with 3 μM of puromycin for 30 minutes 

before the end of the experiment. As a control, a sample with no treatment or infection was left without the puro-

pulse. Thereafter, cells seeded on dishes were harvested and whole-cell extracts using the special lysis buffer were 

subjected to Western blotting, while cells seeded in Ibidis were subjected to IFA protocol. 

 

(A) Immunoblot of a representative replica (out of five biological replicas) using indicated antibodies. CBB 

staining of the corresponding immunoblot was used for loading control and visualization of steady-state protein 

level. The lower graph shows the corresponding quantification from the five independent biological replicas 

relative to the puro-pulsed untreated/uninfected control. β-actin was used as a loading control. The experiment was 

performed together with the technician Hendrik Weiser. Hendrik Weiser helped perform the biological replicas. 

The figure was adapted from Fig. 3e, Shaban et al. under a Creative Commons Attribution 4.0 International License 

(Shaban et al. 2021).  

(B) Images of one representative replica (out of two biological replicas) of fluorescently labeled Huh7 cells with 

NSP8 (red) and puromycin (green) antibodies along with phase-contrast (Ph) light microscopy images indicating 

the HCoV-229E replication sites, translation levels, and the morphology of the cells respectively. The first set of 

images (vertically) was left without the puro pulse as negative control. Hoechst 33342 was used to stain the nuclei 

(blue). TG: thapsigargin. The experiment was performed together with Dr. Christin Mayer-Buro. Dr. Mayer-Buro 

helped perform the biological replicas. 

 

Together, these data indicated a possible adaptive response induced by prolonged exposure of the cells 

to thapsigargin while concurrently maintaining a strong anti-viral state. Nevertheless, the discrepancy 

in the level of signal reduction in CoV-infected samples between the IFA and the western blot 

necessitates further investigation. Possible reasons for such discrepancy can be partially attributed to 

heterogeneity in infection/treatment that is hard to see on Western blotting, the different number of cells 

used, or the nature of each assay/readout itself. 
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4.1.5 Reproducibility of thapsigargin anti-viral effect in a different cellular model   

 

To test the reproducibility of the main findings mentioned in section 4.1.3, in a physiologically more 

relevant cellular model, MRC-5 cells were used. MRC-5 is an embryonic lung-derived, diploid 

fibroblast cell line that can be readily infected with HCoV-229E. Cells uninfected or infected with MOI 

of 1 of HCoV-229E were either treated with 1 μM of thapsigargin for 24 hours or for 16 hours. For 

control samples, uninfected cells were either treated with 1 hour of thapsigargin (1 μM) or left without 

any treatment. Supporting the results obtained in Huh7 cells, all investigated viral proteins were 

undetectable on Western blot in infected samples treated with thapsigargin (Fig. 18 A). These results 

were further supported by IFA, intracellular viral RNA levels assessed by RT-qPCR, and the viral titer 

assessed by plaque assay (Fig. 18 B & C). Moreover, increase in the levels of IRE1α and BiP proteins 

in cells treated with 24 or 16 hours of thapsigargin has also been observed (Fig. 18 A). 
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Figure 18: Thapsgargin anti-viral effect is reproducible in MRC-5 cells. 
MRC-5 cells with the same conditions described in figure 15 were harvested and cell pellets used for RNA 

extraction followed by Western blotting (using the special lysis buffer), RT-qPCR and immuno-fluorescence 

analysis. Supernatants from virus-infected conditions were collected and assessed for the production of infectious 

particles using plaque assay.  

 

(A) Immunoblot of indicated host and viral proteins of one representative replica (out of two biological replicas). 

β-actin was used as a loading control. 

(B) The corresponding titer change of HCoV-229E assessed using plaque assay of five independent biological 

replicas (upper graph). RT-qPCR was used to assess the levels of the viral spike RNA extracted from infected cells 

of four biological replicas (lower graph). The housekeeping gene GUSβ was used for normalization.  

(C) Cells seeded on Ibidis were subjected to IFA protocol. Images of one representative replica (out of two 

biological replicas) of fluorescently labeled MRC-5 cells with nsp8 (red) and double-strand RNA (green) 

antibodies along with phase-contrast (Ph) light microscopy images indicating the HCoV-229E replication sites 

and the morphology of the cells respectively.  Hoechst 33342 was used to stain the nuclei (blue).  

The panels A and B were adapted from Fig. 4a & b, Shaban et al. under a Creative Commons Attribution 4.0 

International License (Shaban et al. 2021). The experiment was performed together with the technician Hendrik 

Weiser and Dr. Christin Mayer-Buro. They both helped perform the biological replicas. 

 

Taken together, these results indicted a cell-type independent anti-viral effect of thapsigargin on HCoV-

229E replication.  
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4.1.6 Cytotoxic and effective concentrations of thapsigargin in Huh7 cells for HCoV-

229E inhibition 

 

The phase contrast (light) microscopy images of Huh7 cells treated with 24 hours of thapsigargin  

indicated a change in cell morphology and an increase in cellular death (Fig. 16). It was therefore 

essential, to quantify and correlate the anti-viral effects of thapsigargin with cell viability. To investigate 

the effect of thapsigargin on Huh7 cells viability, MTS assay was performed.  

The MTS assay principle relies on the reduction of the MTS tetrazolium compound by NAD(P)H-

dependent dehydrogenase enzymes present in viable, metabolically active cells. This reduction 

generates a colored formazan dye that is soluble in cell culture media. The concentration of reduced dye 

is then quantified by directly measuring the absorbance at 490-500 nm in miniaturized cell culture 

systems such as 96-well plates. 

The viability of Huh7 cells treated with DMSO (as solvent control) was compared to cells treated with  

increasing doses of thapsigargin with or without HCoV-229E (MOI of 1) infection, for 24 hours. The 

infection of the cells for 24 hours with HCoV-229E did not result in any appreciable drop in cellular 

viability (mean 90.02 ± 12.32%). Contrarily, 50 μM of thapsigargin for 24 hours resulted in nearly 

complete death of both infected and uninfected samples. At concentrations of 0.1 μM and 1 μM of 

thapsigargin, a reduction to 76.6 ± 7.9% of cellular viability has been observed. From these MTS data, 

a half-maximum cellular cytotoxic concentration (CC50) of 5.9 μM for thapsigargin-alone treatment and 

a slightly lower CC50 of 4.6 μM of the combined thapsigargin + CoV condition has been calculated. This 

placed the used 1 μM concentration well below the CC50 of thapsigargin cytotoxic effect (Fig. 19 A).  

To determine the half-maximum effective concentration (EC50) of HCoV-229E inhibition by 

thapsigargin in Huh7 cells, infected cells were treated with increasing concentrations of thapsigargin. A 

plaque assay was then performed. Interestingly, the inhibitory effect of thapsigargin plateaued after a 

concentration of 0.01 μM (10 nM). The calculated EC50 from these data was 1 nM (Fig. 19 B).  

Remdesivir is a well-known nucleotide analog, frequently used to inhibit multiple RNA viruses 

including coronaviruses (Kokic et al. 2021; Tchesnokov et al. 2019). To compare the efficacy and 

cytotoxicity of thapsigargin in inhibiting HCoV-229E to remdesivir, Huh7 cells infected with HCoV-

229E were treated with increasing concentrations of remdesivir. MTS and plaque assays were then 

carried out as indicated above. The calculated CC50 from these data was higher than 100 μM while the 

EC50 amounted to 10 nM (Fig. 19 C). The relatively high CC50 of Remdesivir can be partially explained 

by the specificity of this drug to the viral RNA-dependent RNA polymerase, excluding its usage by the 

host DNA-dependent RNA polymerase or other enzymes and hence, less cytotoxic effects.  
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Figure 19: Thapsigargin inhibits HCoV-229E replication in Huh7 cells with an EC50 in the lower 

nanomolar range while exerting cytotoxicity with a CC50 in the micromolar range.  
Huh7 cells were left either untreated or treated with the indicated concentrations of DMSO as control. Cells 

uninfected or infected for 24 hours with HCoV-229E (MOI of 1) were treated with the indicated concentrations of 

thapsigargin or remdesivir for 24 hours. Cells seeded on 96-well plates with these conditions were then subjected 

to the MTS protocol according to the manufacturer’s recommendation. For plaque assay, cells were seeded in 

dishes. Supernatants from virus-infected conditions with different thapsigargin or remdesivir concentrations were 

collected and assessed for the production of infectious particles. 

 

(A) MTS assay quantifications of five biologically independent replicas showing the effect of increasing 

concentrations of thapsigargin on Huh7 cells survivability when left uninfected (middle graph) or infected (lower 

graph) with HCoV-229E as compared to DMSO control treatment (upper graph). The right subpanel indicates 

cytotoxic concentration (CC50) calculations derived from the left subpanels.   
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(B) Plaque assay quantification of at least two biological replicas showing the dose-dependent inhibition of HCoV-

229E by thapsigargin (left graph) and the derived effective concentration (EC50) value (right graph).  

(C) Left graph indicates MTS assay quantification of the effect of increasing concentrations of remdesivir on Huh7 

cell’s survivability compared to cells infected with HCoV-229E or untreated/uninfected control. The middle graph 

indicates plaque assay quantification of three biological replicas showing the dose-dependent inhibition of HCoV-

229E by remdesivir. The right panel shows the derived effective concentration (EC50) from the middle panel.  

The experiment was performed together with the technician Hendrik Weiser and Dr. Christin Mayer-Buro. They 

both helped perform the biological replicas. Hendrik Weiser performed the experiment shown in panel B. The 

figure was adapted from Fig. 3 a, b & c and supplementary figure 5 Shaban et al. under a Creative Commons 

Attribution 4.0 International License (Shaban et al. 2021). 

 

To investigate the levels of host and viral proteins as function of thapsigargin concentration or time of 

addition,  Huh7 cells were infected with MOI of 1 of the virus and either simultaneously treated with 

varying concentrations of thapsigargin or treated with 1 μM of thapsigargin at 4, 8, or 14 hours post-

infection, the results were then visualized on western blots. Expectedly, from a concentration of 10 nM 

(0.01 μM) the viral N protein, nsp8, and nsp12 were undetectable on the blot, where a concentration of 

1 nM resulted in approximately 50% reduction in the levels of these viral proteins. Interestingly, adding 

1 μM of thapsigargin even 14 hours after the start of the infection still resulted in a profound (though 

not complete) reduction in the levels of the investigated viral proteins indicating a fast switch to an anti-

viral state in the host upon thapsigargin treatment. Host factors of BiP and IRE1α showed the already 

described increase in their protein levels at the higher, anti-viral concentrations of thapsigargin. In line 

with results shown before (Fig. 15), the phosphorylation of eIF2α on serine 51 remained higher than the 

untreated control level throughout all the investigated conditions (Fig. 20). 

 



104 
 

 

Figure 20: Thapsigargin inhibition of HCoV-229E is readily visible at lower concentrations and 

up to 14 hours post-infection.  
Huh7 cells were left untreated or infected with HCoV-229E (MOI of 1) for 24 hours and either simultaneously 

treated with the indicated concentrations of thapsigargin for 24 hours or treated with 1 µM of thapsigargin at 4, 8, 

or 14 hours post-infection (hPI). Whole-cell extracts using the special lysis buffer were then subjected to western 

blot analysis. Cellular and viral factors were investigated using the indicated antibodies. β-actin was used as a 

loading control. 

 

 

Altogether, the data above indicated a strong, fast, and possibly virus-entry independent anti-viral effect 

of thapsigargin on HCoV-229E replication within the non-toxic range of the compound concentrations.  
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4.1.7 Durability of thapsigargin inhibition of HCoV-229E beyond 24 hours 

 

Given the robustness of thapsigargin inhibition of HCoV-229E replication observed within the 

investigated 24 hours experimental condition, the durability of this effect over prolonged experimental 

time points beyond this initial condition was investigated, to address the question of a single application 

of the compound may lead to an irreversible suppression of the virus. For this, the viability of Huh7 

cells treated with thapsigargin and/or infected with HCoV-229E over a period of 96 hours was tested by 

MTS assay. At this time point, infected cells showed a sharp decrease in viability with only 20% of the 

cells surviving while uninfected or infected cells treated with 1 μM of thapsigargin showed a higher 

survivability rate of around 50% hinting back at the possible adaptive/protective effect of thapsigargin 

(Fig. 21 A).  

The production of infectious particles in infected cells, treated with thapsigargin at the 96-hour time 

point showed a stark decline amounting to zero plaques in the lowest tested virus dilution in 2 out of 3 

biological replicas when assessed by plaque assay. The intracellular viral RNA levels (tested through 

RT-qPCR) showed a comparably strong drop (Fig. 21 B). 

Furthermore, to confirm whether the continuous presence of thapsigargin in the medium after the initial 

treatment is important for the durability of the anti-viral effect, Huh7 cells uninfected or infected with 

HCoV-229E for 48 hours were treated with thapsigargin for 48 hours (simultaneous infection/treatment) 

or 47 hours (treatment 1 hour after infection). Eight hours after the beginning of the 48 hours experiment, 

the cell-culture medium was removed, cells were washed and a new fresh medium was added. Cells 

were further incubated for 36 hours (totaling 48 hours since the start of the experiment). Whole-cell 

extracts were then subjected to western blot analysis. Investigated viral protein levels indicated no 

reversal of the anti-viral effect as a result of the medium exchange supporting the conclusion of the long-

lasting anti-viral effect of thapsigargin (Fig. 21 C).  
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Figure 21: Thapsigargin inhibition of HCoV-229E is durable over prolonged incubation periods 

and after medium exchange.  
Huh7 cells seeded in 96-well plates were left either untreated, infected with HCoV-229E (MOI of 1), treated with 

1 µM of thapsigargin, or simultaneously infected and treated. MTS protocol according to the manufacturer’s 

recommendation was then carried out at each of the indicated time points (in days post-infection, day p.i.). For 

plaque assay and RT-qPCR, cells were seeded in dishes. Cell pellets at indicated time points were used for RNA 

extraction followed by subsequent RT-qPCR and absolute quantification of viral RNA copies. Supernatants from 

virus-infected conditions were collected at indicated time points and assessed for the production of infectious 

particles. For Western blotting, Huh7 cells uninfected or infected with MOI of 1 of HCoV-229E for 48 hours were 

treated with 1 µM of thapsigargin for 48 hours (simultaneous infection/treatment) or 47 hours (treatment 1 hour 

after infection). Eight hours after the beginning of the experiment, the cell-culture medium was removed, cells 

were washed and a new fresh medium was added. Cells were further incubated for 36 hours (totaling 48 hours 

since the start of the experiment). Whole-cell extracts using the special lysis buffer were then subjected to western 

blot analysis. 

(A) Survivability of Huh7 cells treated with 1 µM of thapsigargin and/or infected with HCoV-229E over a period 

of 3 days compared to the untreated control, assessed by MTS assay.   

(B) The viral titers assayed by plaque assay (upper panel) and copy numbers of intracellular viral nsp8 and S RNAs 

assessed by RT-qPCR (three biologically independent experiments).  

(C) Immunoblots analysis with indicated viral and host antibodies. 

The experiments shown in panels A & B were performed together with the technician Hendrik Weiser and Dr. 

Christin Mayer-Buro. They both helped perform the biological replicas. Dr. Mayer-Buro performed the qPCR 

absolute quantification shown in panel B. The panels A and B were adapted from Fig. 3d, Shaban et al. under a 

Creative Commons Attribution 4.0 International License (Shaban et al. 2021). 

 

Taken together, these data indicated a strong, beyond 24 hours durable anti-viral effect of thapsigargin 

on inhibiting HCoV-229E replication. 
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4.1.8 Inhibitory effect of thapsigargin on the highly pathogenic MERS-CoV and SARS-

CoV-2 replication  

 

The above-mentioned experiments indicated a strong anti-viral effect of thapsigargin on HCoV-229E 

replication in Huh7 and MRC-5 cells. To address whether this anti-viral effect can also be observed for 

two other, highly pathogenic, coronaviruses namely MERS-CoV and SARS-CoV-2, a new set of 

experiments with these two viruses was carried out. 

Huh7 cells uninfected or infected with MERS-CoV for 12 and 24 hours were treated with either 1 or 0.4 

μM of thapsigargin. For both time points of infection and both concentrations of thapsigargin, a strong 

reduction in the viral N protein was observed on the western blot. This reduction was mirrored by at 

least 3 log10 folds drop in the production of infectious particles observed using the plaque assay. As 

previously described, the levels of both host factors, BiP and IRE1α, strongly increased with 

thapsigargin treatments (Fig. 22 A). 

To determine the half-maximum effective concentration (EC50) of MERS-CoV inhibition by 

thapsigargin in Huh7 cells, infected cells were treated with increasing doses of thapsigargin 

concentrations. A plaque assay was then performed. The calculated EC50 from these data amounted to 

4.8 nM (Fig. 22 C). 

The same set of experiments was performed for SARS-CoV-2 in VERO-E6 cells (African green monkey 

kidney cell line used extensively as a cellular model to study SARS-CoV-2 replication). For both 

indicated concentrations of thapsigargin, a drop in the viral titer and strong reduction of the viral N 

protein can be observed, though to a lesser degree than the effects observed in Huh7 cells infected with 

MERS-CoV or HCoV-229E. The calculated EC50 of thapsigargin inhibition of SARS-CoV-2 was 260 

nM. The viability of VERO-E6 cells treated with the indicated gradient of thapsigargin concentrations 

was assessed by MTT or ATPLit assays and CC50 of 18.25 μM was accordingly calculated (Fig. 22 B 

& D).  
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Figure 22: Thapsigargin inhibits the replication of MERS-CoV and SARS-CoV-2 in cellular 

models. 
Analysis of the effect of different concentrations of thapsigargin on Huh7 or VERO-E6 cells uninfected or infected 

with 12 or 24 hours of MOI of 0.5 of MERS-CoV or MOI of 0.5 of SARS-CoV-2 respectively. 

 

(A) Uninfected or infected Huh7 cells with 12 or 24 hours of MOI of 0.5 of MERS-CoV were treated with 1 or 

0.4 μM of thapsigargin. Upper panel shows immunoblots of a representative replica (out of three biological replica) 

of whole-cell extracts using SDS buffer of Huh7 cells with the mentioned conditions. Lower panel shows the 

corresponding changes in viral titer assessed by plaque assay of three independent biological replicas.  

(B) Upper, and lower panels show similar analysis to panel A for VERO-E6 cells uninfected or infected with MOI 

of  0.5 of SARS-CoV-2 that were treated with 1 or 0.4 μM of thapsigargin.  

(C) Dose-dependent inhibition of MERS-CoV (MOI of 0.5 ) by thapsigargin assessed by two to six independent 

biological replicas using plaque assay (upper panel) and the corresponding calculated EC50 (lower panel).  

(D) Similar analysis to panel C for VERO-E6 cells infected with MOI of 0.5 of SARS-CoV-2 (upper and lower, 

three to four independent biological replicas). The right graph indicates the CC50 of thapsigargin in VERO-E6 

assessed by MTS or ATPLite assays (of at least three independent biological replicas).  

The infection experiments were performed together with Hendrik Weiser and Dr. Christin Mueller (Prof. Ziebuhr 

working group). Dr. Mueller performed all SARS-CoV-2 and MERS-CoV infections, plaque assays and cell 

viability assays in the BSL3 laboratory of the Institute of Medical Virology, Justus Liebig University Giessen. Cell 

pellets from infected cells were then transferred to the Rudolf Buchheim Institute of Pharmacology and Western 

blot experiments were performed together with Hendrik Weiser. The figure was adapted from Fig. 4 e, f, g, h, i, j 

& k, Shaban et al. under a Creative Commons Attribution 4.0 International License (Shaban et al. 2021). 
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The data above indicated a strong, cell-type independent anti-viral effect of thapsigargin against three 

different coronaviruses with EC50 in the lower nanomolar range and a CC50 well above the used anti-

viral concentration. 

 

4.1.9 PERK role in the thapsigargin-induced anti-viral effect 

 

PERK is a major UPR and ER stress sensor that is activated upon infection with HCoV-229E and whose 

inhibition by pharmacological means resulted in a significant drop in the virus replication as described 

in pervious sections. 

To investigate whether inhibiting PERK in the context of thapsigargin treatment would affect the anti-

viral state induced by thapsigargin, GSK2656157 (a newer optimized version of the same PERK 

inhibitor GSK2606414 mentioned previously, see Fig. 12 above) was utilized. For this purpose, Huh7 

cells uninfected or infected with HCoV-229E were treated with increasing concentrations of 

GSK2656157 or 1 μM of thapsigargin. As a control, uninfected or infected cells were treated with 

DMSO (solvent control) or left without any treatment or infection (steady-state control). Whole-cell 

extracts were then subjected to Western blot analysis. Cells treated with 1 or 10 μM of GSK2656157 

showed an “inactivated” PERK band (as evidenced by the loss of slower migrating, phosphorylated 

forms of PERK) and reduced phosphorylation of eIF2α on the corresponding immunoblots. The viral N 

protein showed a dose-dependent reduction of its levels (Fig. 23 A left). The corresponding viral titer 

showed a drop of approximately 1 log10 fold at a concentration of 10 μM (Fig. 23 A right). Interestingly, 

lower concentrations of the inhibitor did not result in any significant drop although the corresponding 

viral N protein was reduced by around 50% on the immunoblot. The cell viability assay did not show 

any significant increase in cytotoxicity at the indicated concentrations of the inhibitor (Fig. 23 B). Plaque 

assay of viral particles production in Huh7 cells infected with MERS-CoV and treated with 10 or 50 μM 

of GSK2656157 showed a significant decrease of about 2 log10 folds (Fig. 23 D).  

Combinatory treatment of thapsigargin and GSK2656157 of HCoV-229E-infected cells with indicated 

conditions in figure 23 C did not show any significant additive inhibitory effect when whole-cell extracts 

were analyzed on western blot or supernatants of infected samples assessed for infectious particles using 

plaque assay.    
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Figure 23: PERK inhibition does not affect the anti-viral state induced by thapsigargin. 
Analysis of the effect of different concentrations of GSK2656157 and/or 1 μM of thapsigargin on Huh7 cells 

uninfected or infected with 24 hours of HCoV-229E (MOI of 1) or 24 hours of MERS-CoV (MOI of 0.5) and on 

the replication of the two investigated viruses. GSK was added half an hour before infection/treatment. 

 

(A) Left panel indicates Western blot analysis of Huh7 cells uninfected or infected with 24 hours of HCoV-229E. 

The cells were treated with the indicated concentrations of GSK2656157 or 1 μM of thapsigargin. As a control, 

uninfected or infected cells were treated with DMSO (solvent control) or left without any treatment or infection 

(steady-state control). Whole-cell extracts using the special lysis buffer were then subjected to Western blot 

analysis using the indicated host and viral antibodies. Right panel shows the corresponding change in viral titer 

from supernatants of infected samples with indicated conditions assessed by two biological replicas.   
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(B) Huh7 cells viability assessed using MTS assay. The cells were treated three different concentrations of  

GSK2656157 and/or infected with 24 hours of HCoV-229E (MOI 1) as indicated (middle and right panels). Cells 

treated with corresponding DMSO concentrations were used as control (left panel).   

(C) Left panel shows Western blot analysis of whole-cell extracts of Huh7 cells uninfected or infected with HCoV-

229E (MOI of 1) that were treated with 10 μM of GSK2656157 and/or 1 μM of thapsigargin (see figure for details 

of the conditions). Right panel indicates the corresponding viral titer of infected samples as assessed using plaque 

assay of three biologically independent experiments.   

(D) Huh7 cells infected with MERS-CoV (MOI of 0.5) were treated with indicated concentrations GSK2656157 

for 24 hours. Supernatants from these conditions were then used to assess the viral titer by plaque assay (at least 

four biological replicas).  

The experiments were performed together with Hendrik Weiser and Dr. Christin Mueller. Dr. Mueller performed 

all MERS-CoV infections and plaque assays in the BSL3 laboratory of the Institute of Medical Virology, Justus 

Liebig University Giessen. Hendrik Weiser performed all the biological replicas shown in panels A, B & C. The 

figure was adapted from supplementary figure 2, Shaban et al. under a Creative Commons Attribution 4.0 

International License (Shaban et al. 2021). 

 

The data above indicated that inhibiting PERK did not affect the strong anti-viral state imposed on the 

cellular models by thapsigargin, suggesting that the thapsigargin anti-viral effect is occurring 

downstream of PERK. These data also indicated no improvement in the anti-viral effect of the newer 

version of PERK inhibitor compared to the older one (Fig. 12). However, a strong reduction in the 

phosphorylation of eIF2α on serine 51 in infected cells, treated with 10 μM of the inhibitor (when 

compared with the infection-only control) might hint at an indeed improved specificity of the newer 

inhibitor. 

 

4.1.10 Alterations in the cellular proteomic landscapes induced by thapsigargin 

treatments and/or CoV infection 

 

The Western blot analysis of Huh7 cells infected with HCoV-229E and/or treated with thapsigargin 

(Fig. 15) indicated a significant change in the expression levels of the investigated specific host proteins. 

These alterations incited the question of whether they are the “tip of an iceberg” of more profound 

changes in the host proteomes that can also offer a mechanistic explanation of the anti-viral effect of 

thapsigargin.  

For this purpose, a liquid chromatography-tandem mass spectrometry (LC-MS/MS) approach to 

characterize the cellular proteomes was implemented and the results are included in this section, as they 

led to the identification of several thapsigargin-regulated factors and pathways whose (de)regulation 

was further studied during this thesis.   

Figure 24 summarizes the experimental conditions used and offers an overview of the data analysis 

strategy that is subsequently delineated in the text below. Given their current relevance and 

pathogenicity, corresponding cellular models infected with MERS-CoV and SARS-CoV-2, with or 

without thapsigargin treatment were used for this study. Whole-cell extracts were digested by trypsin 
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and the resulting complex pepetide mixtures were separated by nano HPLC and subjected to mass-

spectrometry for identification of proteins by means of the precursor ion masses and peptide amino acid 

sequence information (for details see methods part). Raw data obtained from these samples were then 

analyzed through a label-free quantification approach using the MaxQuant software to obtain a list of 

expressed proteins and their relative abundance in each sample. From this list, a list of differentially 

expressed proteins (DEPs) was obtained by applying different statistical tools and methods available in 

the software Perseus including calculating p-values and fold changes (using two samples t-tests). The 

data were then visualized as a pairwise comparison between the indicated experimental conditions using 

volcano blots with a p-value of −log10 (p) ≥ 1.3 as a cut-off (Fig. 25). 

 

Figure 24:  Proteome-wide investigation of thapsigargin’s anti-viral effects.  
The Diagram outlines the large-scale proteomic approach starting from experimental design; sample preparations, 

mass spectrometry measurements, raw data processing, and bioinformatics strategy used to analyze the data (see 

text and subsequent figures for details and results). Altogether, raw data from 96 LC-MS/MS runs (representing 

two independent experiments per time point and three technical replicates per sample) were performed and 

analyzed.  U.T: untreated condition (reference control), M: MERS-CoV, S: SARS-CoV-2, T: thapsigargin, ERAD: 

ER-associated degradation, ERQC: ER quality control.  

 

The Proteome-wide experiment was carried out with extensive contributions from multiple people. Dr. Christin 

Mueller performed all MERS-CoV and SARS-CoV-2 infections. Hendrik Weiser pre-prepared the samples. LC-

MS/MS mass spectrometry measurements were done in the mass spectrometry facility of the Department of 

Chemistry, Philipps University, Marburg (headed by Dr. Uwe Linne). Raw data were mapped to the human and 

viral proteomes by Dr. Uwe Linne and Dr. Axel Weber (Prof. Kracht working group) using the MaxQuant 

framework. The bioinformatics strategy and the entire subsequent analyses (figures 25, 26, 27, 28, 29 & 30) were 

devised, carried out and visualized by Prof. Michael Kracht. M.Samer Shaban extensively discussed, checked, re- 
analyzed the entire data set and created this scheme.   
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When compared to the untreated condition, the 12 hours and the 24 hours of MERS-CoV or SARS-

CoV-2 infection of Huh7 and VERO-E6 cells respectively resulted in the suppression and upregulation 

of mutiple proteins as indicated in figure 25.  Thapsigargin treatment alone of the cells also resulted in 

its own large number of deregulated host proteins (Fig. 25). The simultaneous treatment and infection 

at both investigated time points, when compared to infection alone, resulted in a new pattern of up and 

downregulated proteins as well as a strong downregulation of viral proteins for both MERS-CoV and 

SARS-CoV-2 confirming the results obtained using Western blot analysis.  

 

Figure 25:  Overview of all deregulated proteins in response to thapsigargin treatment in the 

presence or absence of CoV infection. 
Total cell extracts analyzed by LC-MS/MS from Huh7 or VERO-E6 cells uninfected (-), treated with thapsigargin 

(T), infected with MERS-CoV (M) or SARS-CoV-2 (S) respectively for 12 h or 24 h or thapsigargin-treated and 

CoV-infected simultaneously (M+T, S+T). MOI of 3 of both viruses and 1 µM of thapsigargin were used. The 

intensities of the majority of protein IDs identified (5,367 from Huh7 and 5,066 from Vero E6 cells) were 

normalized between samples and DEPs were then visualized with volcano plots using pairwise ratio comparisons 

of indicated conditions. For each condition, two independent biological replicas and three technical measurements 

were carried out. Subsequently, p values were calculated using Student’s t-tests from the means of the replicas. 

Numbers of differentially expressed proteins (DEPs, ratio > 0, p-value of −log10 (p) ≥ 1.3) are highlighted with 

blue (downregulation) and red (upregulation) while purple and light red dots visualize individual viral proteins.  h: 

hour 

(A) MERS-CoV expirments  

(B) SARS-CoV-2 expirments 

The figure was adapted from Fig. 6 a, b, c, & d, Shaban et al. under a Creative Commons Attribution 4.0 

International License (Shaban et al. 2021). See Fig. 24 legend for contributions.  

 

The lists of deregulated proteins were then used for further analysis on the individual protein levels to 

uncover shared or unique DEPs amongst the experimental conditions.  
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To make a meaningful comparison between the deregulated DEPs for both viruses and thapsigargin 

treatments, it is important to note that the two cellular models used for infection/treatment (Huh7 for 

MERS-CoV and VERO-E6 for SARS-CoV-2) share 57.5% of their proteomes considering all proteins 

that were identified by LC-MS/MS  (Fig. 26 A). This most likely reflects the difference in cell identities 

(liver versus kidney) rather than the different species (homo sapines versus Chlorocebus sabaeus (Green 

monkey, Cercopithecus sabaeus)), as the human and green monkey genomes are almost identical 

(>97%) (Warren et al. 2015; M.-L. Zhang et al. 2019).   

With this in mind, Venn diagrams analysis revealed that the two viruses upregulated 38 and 

downregulated 5 identical DEPs in both cell types. The virus + thapsigargin conditions (M+T, S+T) 

showed a larger set of common deregulated proteins encompassing, 120 upregulated and 63 

downregulated identical proteins (Fig. 26 B).  

By examining the top 50 DEPs, a strong similarity in the regulation patterns between proteins affected 

in thapsigargin-alone and virus + thapsigargin conditions was observed. This finding might indicate the 

dominance of thapsigargin-induced molecular events in the virus + thapsigargin condition and 

diminishing of virus-only regulated pathways. Indeed, the virus-only conditions showed the 

downregulation of many of these DEPs including HERPUD1, BiP and SEQSTM1 (p62) while 

thapsigargin treatment prevented  this downregulation, or even caused an (active) upregulation. Worth 

noting here, that this observation was more readily visible in MERS-CoV than in SARS-CoV-2 

experiments (Fig. 26 C). One possible explanation is that under the chosen conditions, the MERS-CoV 

infection was affecting more cells simultaneously compared to SARS-CoV-2.  

Pathway analysis of the 120 upregulated DEPs shared between the virus + thapsigargin conditions 

revealed terms related to ER stress, Golgi vesicle transport, fiber organization, and apoptosis. While the 

list of 63 shared, downregulated DEPs indicated terms belonging to the metabolic, viral life cycle, and 

translation-related pathways amongst others (Fig. 26 D). Of these 120 DEPs, 71 were involved in 

protein-protein network interactions (Fig. 26 E left) while only 26 out of 63 downregulated DEPs 

showed a network interaction as assessed by analysis based on STRING database (Fig. 26 E right). 
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Figure 26: Thapsigargin-induced regulations of proteins dominate over CoV-induced regulations. 

(A) Venn diagram revealing unique vs shared expressed proteins in Huh7 and their orthologues in VERO-E6 cells. 

(B) Venn diagrams revealing unique vs shared DEPs between indicated conditions (DEPs, ratio > 0, p-value of 

−log10 (p) ≥ 1.3). 

(C) Top 50 deregulated proteins in indicated conditions shown as heatmaps displaying the individual mean ratio 

values of normalized intensities. The lists are sorted according to virus + thapsigargin conditions. (-) refers to the 

untreated control. Green and yellow colors highlight indicated proteins.  

(D) Using Metascape analysis, top pathways corresponding to shared (induced or repressed, as indicated in the 

figure) DEPs between virus + thapsigargin referenced to virus infection alone (ratios shown in C) are displayed as 

heatmaps sorted according to indicated p-values  
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GO:0097190 apoptotic signaling pathway -8.4 -5.3 16/580
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hsa04144 Endocytosis -5.7 -3.0 9/260
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(E) Using the STRING database, protein-protein interactions of shared (induced or repressed, as indicated in the 

figure) DEPs between virus + thapsigargin referenced to virus infection alone (ratios shown in B) are displayed as 

networks based on experimental evidence, co-occurrence, co-expression, and confidence scores. In this analysis, 

STRING experimental evidence and combined score indicated that 49 upregulated and 37 downregulated shared 

DEPs did not engage in any known networks. Cytoscape software was used for the visualization of the networks. 

M: MERS-CoV, S: SARS-CoV-2, T: thapsigargin 

The figure was adapted from Fig. 7 a, b, c, d & e, Shaban et al. under a Creative Commons Attribution 4.0 

International License (Shaban et al. 2021). See Fig. 24 legend for contributions. 

 

Of the top 50 DEPs shown in figure 26 C, two were of particular interest given their functions and their 

thapsigargin-induced upregulation in MERS-CoV and SARS-CoV-2 infected cells.  HERPUD1 and 

p62/SQSTM1 are both involved in intracellular degradation pathways namely ERAD and autophagy 

respectively. These two pathways are major contributors in dealing with unfolded proteins and disposing 

of bulky components through proteasomal (HERPUD1) or autophagosomal (p62) degradation (Paredes 

et al. 2016, 1; Chen et al. 2020). They are also relevant to innate immunity and ER membrane 

remodeling. Hence, a search into the DEPs lists to reveal additional ERAD/ERQC factors was carried 

out. While more experiments to investigate the role of autophagy in CoV replication were subsequently 

done, details of which are in section 4.2.  

The search for differentially expressed ERAD/ERQC factors of the entire lists of components of KEGG 

pathway hsa04141 “protein processing in endoplasmic reticulum” in the virus + thapsigargin conditions 

(referenced to virus-only condition) resulted in 33 and 20 related DEPs for MERS-CoV and SARS-

CoV-2, respectively (Fig. 27 A).  The majority, but not all of these changes were statistically significant, 

which is why some factors were excluded during the filtering steps applied for analyses leading to the 

results shown below.  

A further intersection of shared DEPs between the virus + thapsigargin condition with data of a genome-

wide sgRNA screen, which uncovered new ERAD factors important for protein degradation  in non-

viral system, revealed 30 additional regulated factors. These factors included the E1 ubiquitin ligase 

UBA6 and the zinc finger protein ZNF622 (also called ZPR9), which were recently described either as 

negative regulators of autophagy or of some DNA viruses infection (Fig. 27 B). 
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Figure 27: Thapsigargin regulation of several ERAD/ERQC factors. 

(A) ERAD/ERQC factors (extracted from KEGG hsa04141) regulation in virus + thapsigargin conditions 

(referenced to virus-only condition) are shown as heatmaps displaying the individual mean ratio of fold changes. 

(B) Left: Venn diagram revealing the intersection between DEPs in the indicated conditions and novel ERAD 

factors uncovered through a genome-wide CRISPR-CAS9 approach from Leto et al, 2019. Right: regulation of the 

intersected novel components under the indicated conditions.  

M: MERS-CoV, S: SARS-CoV-2, T: thapsigargin 
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The figure was adapted from Fig. 7 f & g, Shaban et al. under a Creative Commons Attribution 4.0 International 

License (Shaban et al. 2021). See Fig. 24 legend for contributions. 

 

The data analysis above indicated the need for a deeper understanding of the regulation of the uncovered 

DEPs on the level of pathways and networks. For this purpose, an enriched pathway analysis approach 

was implemented to uncover the unique or shared regulated molecular events and pathway terms upon 

CoV infection and/or thapsigargin treatment. This approach was also used to uncover possible 

mechanistic insights into the two viruses’ replication and the thapsigargin-imposed anti-viral state. 

To facilitate meaningful analysis of the data, the uncovered DEPs were classified into four different 

categories according to the virus (MERS-CoV or SARS-CoV-2) and length of infection (12 h or 24 h). 

Each category contained lists of up-and down-regulated DEPs (kept separate) for each experimental 

condition (Fig. 28 A & Fig. 24). Using Overrepresentation analysis (ORA) through Metascape software, 

the gene IDs of the corresponding DEPs lists were annotated to biological pathways and hierarchically 

clustered heatmaps of the top 100 differentially enriched pathways were generated (Fig. 28 B & C). The 

heatmaps revealed that many of the differentially enriched pathways were shared among different 

conditions while also condition-unique pathways were observed. They also indicated that although many 

of these pathways were shared between the two viruses, individual regulated proteins were not identical. 

This pointed out the particularity of each virus in regulating the same pathway using different effectors, 

an observation most likely stemming from divergent viral evolution and adaptations. 
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Figure 28: heatmaps of the top 100 differentially enriched pathways in MERS-CoV infected Huh7 

and SARS-CoV-2 infected VERO-E6 cells for 12 or 24 hours.  

(A) Shows a schematic representation of the four different categories according to the virus (MERS or SARS-

CoV-2) and length of infection (12 h or 24 h).  Using Overrepresentation analysis (ORA) through Metascape 

software, the gene IDs of the corresponding DEPs (ratio > 0, p-value of -log10 (p) ≥ 1.3) lists were annotated to 

biological pathways and hierarchically clustered heatmaps of the top 100 differentially enriched pathways were 

generated for MERS-CoV experiments (B) and SARS-CoV-2 experiments (C).   

Upward arrows with red color indicate upregulation. Downward arrows with blue color indicate downregulation 

T: thapsigargin, M: MERS-CoV, S: SARS-CoV-2 

The figure was adapted from Fig. 6 e and supplementary figures 6 and 7, Shaban et al. under a Creative Commons 

Attribution 4.0 International License (Shaban et al. 2021). See Fig. 24 legend for contributions. 
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Concentrating on the top five (for both viruses at both time points) and top 10 (for thapsigargin 

treatments at both time points) pathways of up-or downregulated DEPs revealed many highly enriched 

pathways that are related to RNA, DNA, metabolic functions, and localization (Fig.  29).  

 

DNA

metabolism

RNA -200

log10 p value
top10 pathways

localization

enrichment

condition time GO description DEPs DEPs

MERS-CoV 12h GO:0009117 nucleotide metabolic process -7.9 -5.0

GO:0016236 macroautophagy -5.9 0.0

GO:0022411 cellular component disassembly -5.7 -10.1

WP3888 VEGFA-VEGFR2 Signaling Pathway -5.4 -8.1

hsa04144 Endocytosis -4.8 0.0

R-HSA-8957275 Post-translational protein phosphorylation 0.0 -14.8

R-HSA-8953854 Metabolism of RNA -2.5 -13.9

GO:0051129 negative regulation of cellular component organization -2.0 -13.0

GO:0072594 establishment of protein localization to organelle -2.5 -13.0

GO:0010638 positive regulation of organelle organization -2.7 -12.8

MERS-CoV 24h R-HSA-2262752 Cellular responses to stress -33.4 -6.6

GO:0043043 peptide biosynthetic process -32.5 -13.0

GO:0006402 mRNA catabolic process -28.7 -3.9

GO:0019439 aromatic compound catabolic process -27.2 -6.2

GO:0006520 cellular amino acid metabolic process -22.8 -3.2

R-HSA-72203 Processing of Capped Intron-Containing Pre-mRNA -3.3 -32.5

GO:1903827 regulation of cellular protein localization -7.7 -24.2

GO:0050684 regulation of mRNA processing 0.0 -24.1

R-HSA-1640170 Cell Cycle -14.8 -23.6

GO:0007005 mitochondrion organization 0.0 -22.6

SARS-CoV-2 12h GO:0006397 mRNA processing -11.0 -9.2

R-HSA-8953854 Metabolism of RNA -10.1 -12.7

GO:1903311 regulation of mRNA metabolic process -9.2 -8.7

GO:0050684 regulation of mRNA processing -8.7 -3.9

GO:0043043 peptide biosynthetic process -7.0 -2.9

R-HSA-8953854 Metabolism of RNA -10.1 -12.7

GO:0006289 nucleotide-excision repair 0.0 -10.0

R-HSA-73894 DNA Repair 0.0 -9.6

GO:0006397 mRNA processing -11.0 -9.2

GO:0022613 ribonucleoprotein complex biogenesis -5.2 -9.0

SARS-CoV-2 24h GO:0086073 ..His cell-Purkinje myocyte adhesion in communication -6.83 0.00

GO:1903827 regulation of cellular protein localization -5.9 -6.3

R-HSA-5653656 Vesicle-mediated transport -5.2 -4.6

GO:0097435 supramolecular fiber organization -5.0 -2.6

GO:0090407 organophosphate biosynthetic process -4.19 0.00

GO:0043687 post-translational protein modification 0.0 -10.5

R-HSA-8953854 Metabolism of RNA 0.0 -10.0

R-HSA-8957275 Post-translational protein phosphorylation 0.0 -7.2

R-HSA-5696398 Nucleotide Excision Repair 0.0 -7.1

R-HSA-69278 Cell Cycle, Mitotic -2.3 -7.0

Thapsigargin 12h GO:0006520 cellular amino acid metabolic process -49.0 0.0

HuH7 GO:0051186 cofactor metabolic process -43.3 -7.2

R-HSA-5653656 Vesicle-mediated transport -42.7 -6.4

GO:0009117 nucleotide metabolic process -38.9 -17.5

R-HSA-5357801 Programmed Cell Death -28.9 -4.8

GO:0006397 mRNA processing 0.0 -24.7

R-HSA-8953854 Metabolism of RNA -13.7 -23.7

GO:0007005 mitochondrion organization -8.5 -20.5

R-HSA-72766 Translation -13.5 -17.5

GO:0009117 nucleotide metabolic process -38.9 -17.5

Thapsigargin 24h R-HSA-5653656 Vesicle-mediated transport -59.1 -6.0

HuH7 GO:0006520 cellular amino acid metabolic process -34.5 -6.8

GO:0051186 cofactor metabolic process -34.5 -14.7

ko04144 Endocytosis -31.1 0.0

WP3888 VEGFA-VEGFR2 Signaling Pathway -30.9 -6.7

R-HSA-72203 Processing of Capped Intron-Containing Pre-mRNA 0.0 -100.0

GO:0022613 ribonucleoprotein complex biogenesis -3.1 -71.0

GO:0006403 RNA localization 0.0 -49.6

GO:0050684 regulation of mRNA processing 0.0 -46.6

R-HSA-1640170 Cell Cycle -14.9 -40.6

Thapsigargin 12h R-HSA-5653656 Vesicle-mediated transport -10.4 0.0

Vero E6 R-HSA-8953897 Cellular responses to external stimuli -8.1 0.0

GO:0010256 endomembrane system organization -8.0 0.0

WP3888 VEGFA-VEGFR2 Signaling Pathway -7.8 -2.4

GO:0051169 nuclear transport -7.4 0.0

GO:0055114 oxidation-reduction process 0.0 -13.5

GO:0045333 cellular respiration 0.0 -10.2

GO:0007005 mitochondrion organization -3.1 -9.4

GO:0071103 DNA conformation change 0.0 -7.1

R-HSA-2151201 Transcriptional activation of mitochondrial biogenesis 0.0 -6.9

Thapsigargin 24h GO:0034976 response to endoplasmic reticulum stress -11.3 0.0

Vero E6 ko00520 Amino sugar and nucleotide sugar metabolism -9.8 0.0

WP3888 VEGFA-VEGFR2 Signaling Pathway -8.9 0.0

R-HSA-8957275 Post-translational protein phosphorylation -8.2 -2.0

GO:0072594 establishment of protein localization to organelle -8.2 0.0

R-HSA-69278 Cell Cycle, Mitotic -2.5 -11.9

GO:0009141 nucleoside triphosphate metabolic process 0.0 -10.2

GO:0051301 cell division 0.00 -7.44

R-HSA-2980766 Nuclear Envelope Breakdown 0.0 -6.9

WP4932 7q11.23 copy number variation syndrome 0.0 -6.1
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Figure 29: Top 5 (for both viruses at both time points) and top 10 (for thapsigargin treatments at 

both time points) pathways of up-or downregulated DEPs extracted from the top 100 deregulated 

pathways.  
The figure was adapted from supplementary figure 8a, Shaban et al. under a Creative Commons Attribution 4.0 

International License (Shaban et al. 2021). See Fig. 24 legend for contributions. 

 

The 400 enriched pathways categories shown as heatmaps in figure 28 were then pooled together and 

filtered down to 229 pathways through an increase of p-values stringency (log10 (p) ≤ −3) and search for 

shared or unique GO terms for MERS-CoV, SARS-CoV-2, infections, and thapsigargin alone 

treatments. The results were then visualized using Venn diagrams (Fig. 30 A). 

The Venn diagram analysis showed 36 pathways were shared by both viruses and by thapsigargin. 

Amongst the top deregulated of these pathways, many were related to the cellular response to stress, 

regulation of mRNA processing (GO:0006397), ribonucleoprotein complex biogenesis (GO:0022613) 

and vesicle-mediated transport (R-HSA-5653656). While, interestingly, the top deregulated pathways 

unique to thapsigargin represented mostly metabolic and biosynthetic pathways (such as cellular amino 

acid metabolic process, GO:0006520, or nucleotide metabolic process, GO:0009117) hinting at a 

thapsigargin-unique metabolic response (Fig. 30 A, lower heatmap).  

The unique set of deregulated metabolic pathways in thapsigargin-treated cells incited investigating their 

regulation in cells infected with CoV and simultaneously treated with thapsigargin. For this purpose, all 

virus + thapsigargin, enriched pathways were pooled and compared to pooled pathways from virus 

infection (both viruses) alone or compared to pathways pooled from all thapsigargin alone treatments 

(this resulted in 249 out of 400 pathways with  p-values of log10 (p) ≤ −3). Unique and shared terms 

amongst these new categories were then visualized using Venn diagram (Fig. 30 B). The analysis 

revealed 147 shared pathways amongst the three mentioned new categories and 20 unique pathways in 

the virus + thapsigargin category. These 20 unique pathways mainly mapped to splicing, signaling 

(TORC, RHOA, ARF3), and transport/localization. Thapsigargin alone and virus + thapsigargin shared 

37 categories most of which represented metabolic pathways including amino acid metabolism 

pathways. Pathways unique or shared between virus and thapsigargin conditions (but not present in virus 

+ thapsigargin) mapped to diverse terms of entirely different biological categories including DNA-

related processes (Fig. 30 B lower heatmap). 
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Figure 30: Thapsigargin treatments of cellular models invoked a unique metabolic response that 

coincided with an anti-viral effect. 

(A) Upper: Venn diagram indicating unique vs shared GO terms amongst the indicated conditions generated from 

the 400 enriched pathways categories shown as heatmaps in figure 28 after they were pooled together and filtered 

down to 229 pathways through an increase of p values stringency (log10 (p) ≤ −3). Lower: details of top pathways 

are displayed as a heatmap. 
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R-HSA-429947 Deadenylation of mRNA -6.6 0.0 0.0 0.0 0.0 0.0

GO:0034329 cell junction assembly -6.4 0.0 0.0 -2.8 -2.6 0.0

GO:0099003 vesicle-mediated transport in synapse -6.4 0.0 0.0 0.0 0.0 0.0

M12 PID RHOA PATHWAY -6.1 0.0 0.0 -2.9 -2.8 0.0

GO:0038203 TORC2 signaling -5.8 0.0 0.0 0.0 0.0 0.0

GO:0070848 response to growth factor -5.7 0.0 0.0 -2.5 -2.7 0.0

M243 PID ARF 3PATHWAY -5.7 0.0 0.0 0.0 0.0 0.0

GO:0051258 protein polymerization -5.7 0.0 0.0 0.0 0.0 0.0

v
ir

u
s

+
 T

, 
T

 (
3
7

)

GO:0046365 monosaccharide catabolic process -17.0 0.0 -2.9 0.0 -13.5 0.0

R-HSA-3371497 HSP90 chaperone cycle for steroid hormone receptors -15.1 0.0 0.0 -2.1 -7.9 0.0

ko00270 Cysteine and methionine metabolism -14.3 0.0 0.0 0.0 -15.2 0.0

GO:0006749 glutathione metabolic process -13.7 0.0 0.0 0.0 -12.1 0.0

R-HSA-156580 Phase II - Conjugation of compounds -12.9 0.0 0.0 0.0 -10.5 0.0

ko00051 Fructose and mannose metabolism -12.7 0.0 0.0 0.0 -11.0 0.0

GO:0032787 monocarboxylic acid metabolic process -12.6 -7.3 -2.0 0.0 -14.7 -6.7

GO:1990748 cellular detoxification -12.0 0.0 0.0 0.0 -11.5 0.0

GO:1901657 glycosyl compound metabolic process -11.9 0.0 0.0 0.0 -16.7 -2.1

R-HSA-8950505 Gene and protein expression by JAK-STAT signaling -10.4 0.0 0.0 0.0 -11.4 0.0

R-HSA-71406 Pyruvate metabolism and Citric Acid (TCA) cycle 0.0 -20.1 0.0 -2.1 0.0 -13.6

CORUM:1183 CDC5L complex 0.0 -16.5 0.0 -2.9 0.0 -9.3

GO:0033108 mitochondrial respiratory chain complex assembly 0.0 -15.2 0.0 -2.4 0.0 -12.9

CORUM:1332 Large Drosha complex 0.0 -11.2 0.0 -3.0 0.0 -15.9

R-HSA-3108232 SUMO E3 ligases SUMOylate target proteins 0.0 -8.4 0.0 -2.8 0.0 -12.6

GO:0000280 nuclear division 0.0 -7.0 0.0 0.0 0.0 -3.4

WP2363 Gastric Cancer Network 2 -2.2 -6.1 0.0 0.0 0.0 -5.4

GO:0000910 cytokinesis 0.0 -5.3 0.0 0.0 0.0 -3.5

GO:0009060 aerobic respiration 0.0 -5.1 0.0 -2.8 0.0 -11.5

GO:0036503 ERAD pathway -3.6 -4.5 0.0 0.0 -4.0 -6.7

T
 (

1
5

)

GO:0071394 cellular response to testosterone stimulus 0.0 0.0 0.0 0.0 -7.0 0.0

GO:0048545 response to steroid hormone 0.0 0.0 0.0 0.0 -6.7 0.0

GO:0048588 developmental cell growth 0.0 0.0 0.0 0.0 -5.5 0.0

GO:0051156 glucose 6-phosphate metabolic process 0.0 0.0 0.0 0.0 -5.1 0.0

ko04530 Tight junction -3.0 0.0 0.0 0.0 -4.0 0.0

GO:0055114 oxidation-reduction process 0.0 0.0 0.0 -2.1 0.0 -13.5

GO:0045333 cellular respiration 0.0 0.0 0.0 0.0 0.0 -10.2

R-HSA-2151201 Transcriptional activation of mitochondrial biogenesis 0.0 0.0 0.0 0.0 0.0 -6.9

GO:0006342 chromatin silencing 0.0 0.0 0.0 0.0 0.0 -6.1

M67 PID ARF6 TRAFFICKING PATHWAY 0.0 0.0 0.0 0.0 0.0 -4.5

a
ll

 (
1

4
7

)

R-HSA-5653656 Vesicle-mediated transport -68.8 -4.1 -20.2 -17.1 -59.1 -6.0

GO:0006520 cellular amino acid metabolic process -43.9 0.0 -4.6 0.0 -49.0 0.0

GO:0051186 cofactor metabolic process -41.2 -19.5 -7.6 -10.8 -34.5 -14.7

GO:0045055 regulated exocytosis -38.1 -5.7 -13.5 -15.3 -20.2 -5.5

GO:0044257 cellular protein catabolic process -35.8 -3.3 -10.3 -15.2 -19.0 -11.1

GO:0048193 Golgi vesicle transport -34.9 -7.5 -12.3 -12.9 -28.4 -8.4

R-HSA-2262752 Cellular responses to stress -32.3 -20.9 -33.4 -6.6 -24.6 -12.8

R-HSA-6798695 Neutrophil degranulation -30.8 -7.5 0.0 -7.3 -26.1 -13.4

GO:0006914 autophagy -30.1 -2.3 -8.3 -4.4 -23.2 0.0

GO:0034976 response to endoplasmic reticulum stress -29.1 -4.5 -3.0 -14.0 -12.3 -9.8

R-HSA-72203 Processing of Capped Intron-Containing Pre-mRNA 0.0 -83.3 -3.3 -32.5 0.0 -100.0

GO:0022613 ribonucleoprotein complex biogenesis -3.7 -61.8 -13.4 -15.5 -3.1 -71.0

R-HSA-1428517 Citric acid (TCA) cycle, respiratory electron transport 0.0 -39.9 0.0 -16.4 0.0 -31.4

GO:0006403 RNA localization -2.9 -38.1 -4.0 -19.5 0.0 -49.6

GO:0006091 generation of precursor metabolites and energy -13.3 -33.8 -5.1 -19.0 -11.7 -29.3

GO:0072594 establishment of protein localization to organelle -27.2 -28.0 -20.1 -16.9 -16.2 -18.4

GO:0050684 regulation of mRNA processing 0.0 -27.7 0.0 -24.1 0.0 -46.6

GO:0019439 aromatic compound catabolic process -21.2 -27.3 -27.2 -6.2 -20.5 -20.1

CORUM:3055 Nop56p-associated pre-rRNA complex 0.0 -26.3 -16.9 -3.4 -2.6 -14.1

GO:0022618 ribonucleoprotein complex assembly -3.4 -24.6 -10.4 -5.3 -3.3 -30.7

v
ir

u
s

, 
T

 (
9
)

GO:0090407 organophosphate biosynthetic process 0.0 0.0 -4.2 0.0 -4.1 -4.6

R-HSA-2980766 Nuclear Envelope Breakdown 0.0 -2.5 -3.4 0.0 0.0 -2.2

WP4932 7q11.23 copy number variation syndrome -2.3 0.0 -3.0 0.0 0.0 -6.1

GO:0043687 post-translational protein modification 0.0 0.0 0.0 -10.5 -6.3 0.0

R-HSA-73894 DNA Repair -2.9 0.0 0.0 -9.6 0.0 -6.1

GO:0032508 DNA duplex unwinding -2.5 0.0 0.0 -7.8 0.0 -3.0

GO:0006260 DNA replication 0.0 0.0 -2.0 -6.4 0.0 -3.8

GO:0043687 post-translational protein modification -2.7 0.0 0.0 -5.8 -4.0 0.0

WP2446 Retinoblastoma Gene in Cancer 0.0 0.0 -2.6 -5.1 0.0 -3.4

hsa00240 Pyrimidine metabolism 0.0 0.0 0.0 -4.8 0.0 -3.7

v
ir

u
s

(1
2

)

GO:0086073 His cell-Purkinje myocyte adhesion in communication 0.00 0.00 -6.83 0.00 0.00 0.00

hsa05100 Bacterial invasion of epithelial cells -2.1 0.0 -3.6 -3.2 0.0 0.0

R-HSA-1852241 Organelle biogenesis and maintenance -2.7 0.0 -3.1 0.0 0.0 -2.9

GO:0006289 nucleotide-excision repair 0.0 0.0 0.0 -10.0 0.0 -3.0

R-HSA-5696398 Nucleotide Excision Repair -2.0 -2.5 0.0 -7.1 0.0 0.0

GO:0006360 transcription by RNA polymerase I 0.0 0.0 0.0 -5.9 0.0 0.0

GO:1901214 regulation of neuron death 0.0 0.0 0.0 -5.6 0.0 0.0

GO:0000904 cell morphogenesis involved in differentiation -2.1 0.0 0.0 -5.2 -2.2 0.0

GO:0000018 regulation of DNA recombination -2.5 0.0 0.0 -4.7 0.0 0.0

R-HSA-9706574 RHOBTB GTPase Cycle 0.0 0.0 0.0 -4.1 0.0 0.0
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GO:1901657 glycosyl compound metabolic process 0.0 0.0 -16.7 -2.1

ko00270 Cysteine and methionine metabolism 0.0 0.0 -15.2 0.0

GO:0032787 monocarboxylic acid metabolic process -2.0 0.0 -14.7 -6.7

GO:0046365 monosaccharide catabolic process -2.9 0.0 -13.5 0.0

GO:0006749 glutathione metabolic process 0.0 0.0 -12.1 0.0

GO:0009064 glutamine family amino acid metabolic process 0.0 0.0 -11.7 0.0

GO:1990748 cellular detoxification 0.0 0.0 -11.5 0.0

R-HSA-8950505 .JAK-STAT signaling after Interleukin-12 stimulation 0.0 0.0 -11.4 0.0

ko00051 Fructose and mannose metabolism 0.0 0.0 -11.0 0.0

R-HSA-156580 Phase II - Conjugation of compounds 0.0 0.0 -10.5 0.0

CORUM:1332 Large Drosha complex 0.0 -3.0 0.0 -15.9

R-HSA-71406 Pyruvate metabolism and Citric Acid (TCA) cycle 0.0 -2.1 0.0 -13.6

GO:0055114 oxidation-reduction process 0.0 -2.1 0.0 -13.5

GO:0033108 mitochondrial respiratory chain complex assembly 0.0 -2.4 0.0 -12.9

R-HSA-3108232 SUMO E3 ligases SUMOylate target proteins 0.0 -2.8 0.0 -12.6

GO:0009060 aerobic respiration 0.0 -2.8 0.0 -11.5

GO:0009141 nucleoside triphosphate metabolic process 0.0 -2.7 0.0 -10.2

GO:0045333 cellular respiration 0.0 0.0 0.0 -10.2

CORUM:1183 CDC5L complex 0.0 -2.9 0.0 -9.3

GO:0061008 hepaticobiliary system development 0.0 0.0 0.0 -7.5
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) R-HSA-2262752 Cellular responses to stress -33.4 -6.6 -24.6 -12.8

GO:0043043 peptide biosynthetic process -32.5 -13.0 -17.8 -30.4

R-HSA-5653656 Vesicle-mediated transport -20.2 -17.1 -59.1 -6.0

R-HSA-1640170 Cell Cycle -14.8 -23.6 -14.9 -40.6

GO:0045055 regulated exocytosis -13.5 -15.3 -20.2 -5.5

GO:0022613 ribonucleoprotein complex biogenesis -13.4 -15.5 -3.1 -71.0

ko04144 Endocytosis -13.4 0.0 -31.1 0.0

GO:0006397 mRNA processing -11.0 -9.2 -2.1 -2.7

GO:0044257 cellular protein catabolic process -10.3 -15.2 -19.0 -11.1

GO:0006457 protein folding -10.3 -18.7 -13.4 -17.0

GO:1903827 regulation of cellular protein localization -7.7 -24.2 -17.3 -20.1

GO:0050684 regulation of mRNA processing 0.0 -24.1 0.0 -46.6

R-HSA-1640170 Cell Cycle -14.8 -23.6 -14.9 -40.6

GO:0007005 mitochondrion organization 0.0 -22.6 -11.0 -27.1

GO:0006457 protein folding -10.3 -18.7 -13.4 -17.0

R-HSA-5653656 Vesicle-mediated transport -20.2 -17.1 -59.1 -6.0

R-HSA-8957275 Post-translational protein phosphorylation 0.0 -16.3 0.0 -5.7

GO:0022613 ribonucleoprotein complex biogenesis -13.4 -15.5 -3.1 -71.0

GO:0045055 regulated exocytosis -13.5 -15.3 -20.2 -5.5

GO:0044257 cellular protein catabolic process -10.3 -15.2 -19.0 -11.1

A B

T T
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(B) Upper: Venn diagram indicating unique vs shared GO terms amongst the indicated conditions generated from 

the 400 enriched pathways categories shown as heatmaps in figure 28 after they were pooled together and filtered 

down to 249 pathways through an increase of p values stringency (log10 (p) ≤ −3). Lower: details of top pathways 

are displayed as a heatmap 

T: thapsigargin, M: MERS-CoV, S: SARS-CoV-2 

The figure was adapted from Fig. 6 f, g & h and supplementary figure 8b, Shaban et al. under a Creative Commons 

Attribution 4.0 International License (Shaban et al. 2021). See Fig. 24 legend for contributions. 

 

Taken together, the proteomic data indicated a coinciding of the anti-viral effect of thapsigargin with 

strong regulation of multiple metabolic programs, ERAD/ERQC and autophagy pathways. It also 

showed that although the same pathway can be regulated under different experimental conditions, 

individual DEPs involved could differ. 

Given its consistent upregulation and multiple biological functions, in the next section, a series of 

experiments were carried out to expand more on the role of p62/SQSTM1 and autophagy flux in the 

context of CoV infection and/or thapsigargin treatment.  
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4.2 Pharmacological modulation of autophagy flux in cells infected with CoV 

Autophagy is a dynamic process through which the cell disposes of and recycles bulky intracellular 

components including aggregates of proteins, invading pathogens, and up to entire cellular organelles 

(e.g. ERphagy) (Parzych and Klionsky 2014). Given the contribution of autophagy to the innate and 

adaptive immune responses evoked by viral invasion (Y. Xu and Eissa 2010; Levine and Deretic 2007; 

Tao and Drexler 2020), it was expected that viruses have evolved different mechanisms to evade or even 

harness this process to their advantage. Of the many host factors involved in this process (see 

introduction for more details), p62/SQSTM1 and LC3B-II are of particular importance given their well-

established functions as cargo receptors for selective autophagy and autophagosome formation 

respectively, and their involvement in almost all the steps of this process. Consequently, in a given 

experimental condition (e.g. CoV infection) the protein levels of these factors, determined by Western 

blotting in the presence or absence of an autophagy flux blocker (ex: bafilomycine A1, BafA1, as a 

lysosomal inhibitor), are used to estimate the levels of protein degradation (or turn over) that would have 

occurred if the flux was not blocked. An estimation of degradation rate (i.e. the flux) through referencing 

it back to the steady-state (untreated) condition can be then calculated. These blockers (e.g. BafA1) can 

also be used to elucidate the effect of autophagy on viral replication, host response, and possible cross 

talk with other UPR pathways. 

 

4.2.1 Selective and basal autophagy flux are differentially regulated when investigated at 

the late stage of the 24 hours HCoV-229E infection 

 

The initial step was to measure autophagy flux in Huh7 cells infected with HCoV-229E and/or treated 

with thapsigargin in reference to the steady-state flux without interfering with the course of the infection 

itself. For this purpose, cells were left uninfected or infected with HCoV-229E (MOI of 1). The cells 

were then treated with thapsigargin (1 μM) or left without the treatment. 4 hours before the end of the 

24 hours experiment, the cells were then either treated with 0.1 μM (standard in the literature) of BafA1 

or left without BafA1 treatment. As solvent control, which is samples treated with DMSO, were either 

left uninfected or infected with the virus. Whole-cell extracts were then analyzed using Western blotting 

and the protein levels of LC3B-II and p62 were quantified. From these data, ratios of autophagy flux for 

each indicated condition were then calculated (Fig. 31 A & B).  

The Western blot analysis indicated no change in the levels of the viral N protein and the activation 

pattern of PERK band in the presence or absence of BafA1. The levels of p62 and LC3B-II, on the other 

hand, varied strongly amongst the different conditions and BafA1 treatments. For instance, the level of 

p62 in CoV-infected cells without BafA1 treatment showed a pronounced reduction in comparison to 

the untreated control while the addition of BafA1 increased the band intensity, pointing out the 

accumulation of this protein. The calculated change in autophagy flux reflected these changes (Fig. 31 
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B) indicating a reduction in basal autophagy flux (LC3B-II based) in all tested conditions while 

induction of specific autophagy flux (p62 based) occurred in HCoV-229E infected cells only. 

Interestingly, thapsigargin treatment of cells infected with HCoV-229E diminished the virus-induced 

specific autophagy flux. 

 

Figure 31: HCoV-229E infection induces specific (p62 based) autophagy flux, while thapsigargin 

inhibits it.  
Huh7 cells were left uninfected or infected with MOI of 1 of HCoV-229E. The cells (uninfected or infected) were 

then treated with 1 μM of thapsigargin or left without the treatment. 4 hours before the end of the 24 hours 

experiment, the cells were then either treated with BafA1 (0.1 μM) or left without the treatment. DMSO was used 

as solvent control. HBH: hours before harvesting. Untreated: steadt-state control. TG: thapsigargin 

 

(A) Whole-cell extracts using the special lysis buffer were subjected to Western blotting analysis and probed with 

indicated host and viral proteins antibodies. β-actin was used as an equal loading control. The experiment was 

performed as three independent biological replicas. 

(B) Autophagy flux calculations relative to the untreated control (steady-state) based on the protein levels of 

LC3B-II and p62 from data shown in (A).   
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Bars show means ± s.d., while dots show the results from biologically independent experiments. Asterisks indicate 

p values (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) obtained by one-way ANOVA test where the mean 

of each column was compared to the mean of the untreated column. 

 

4.2.2 Bafilomycine A1 inhibition of CoV is pathogen- and time of addition- dependent 

 

The downregulation of basel and the upregulation of specific autophagy flux seen in the late stage of 24 

hours of HCoV-229E infection prompted the question of whether blocking the lysosome at an earlier 

stage or even before the infection would interfere with replication of the virus or would change the status 

of the autophagy flux. 

For this purpose, Huh7 cells infected with HCoV-229E and/or treated with thapsigargin were either 

treated with BafA1 or left without the BafA1 treatment. The BafA1 treatments were either 4 hours before 

the start of the 24 hours infection/treatment or 8 hours after (i.e. 28 hours or 16 hours of BafA1 

respectively) (Fig. 32 A). Blocking the lysosome (and hence autophagy flux) 4 hours before the CoV 

infection resulted in a significant drop in the level of the viral N protein. The 28 hours of BafA1 

treatment resulted in a strong downregulation of basal autophagy flux in all thapsigargin treated 

conditions as compared to the steady state flux. This downregulation was also observed in HCoV-229E 

infected cells but to a lesser degree. As seen previously, the selective autophagy flux was strongly 

induced with virus infection while the simultaneous infection and thapsigargin treatment resulted in a 

strong reversal of this induction. Adding BafA1 for 16 hours resulted in a similar pattern of basal and 

selective autophagy flux inhibition and activation (respectively) to adding BafA1 for 28 hours for all 

conditions. Interestingly the level of the viral N protein remained unchanged when BafA1 was added 8 

hours after the infection (Fig. 32 B, C & D). Investigation of the levels of ubiquitinated proteins using 

Western blotting under the experimental conditions mentioned above revealed a unique pattern of 

ubiquitinated proteins in virus-infected cells. Some of the prominent bands seen on the blot might 

correspond to ubiquitinated viral proteins or ubiquitinated host factors in response to the infection. 

Generally, blocking the lysosome at any of the indicated time points increased ubiquitinated proteins, 

especially in the upper region of the blot. This effect was particularly strong in thapsigargin-treated 

conditions and may be explained by a suppression of lysosmal degradation of bulky protein aggregates 

marked for recycling by classical K48-linked polyubiquitination (Fig. 32 E).  
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Figure 32: Bafilomycine A1 inhibition of HCoV-229E is time of treatment dependent.   
Huh7 cells infected with HCoV-229E (MOI of 1) and/or treated with 1 μM thapsigargin were either treated with 

BafA1 or left without the BafA1 treatment. The BafA1 treatments were applied either for 28 hours or for 16 hours 

as indicated in the text. 

 

(A) Schematic representation of BafA1 time of addition. 

(B) Whole-cell extracts using the special lysis buffer were subjected to western blot analysis and probed with 

indicated viral and host proteins antibodies. β-actin is used as an equal loading control. 

(C) Quantification of the levels of proteins investigated in (B) from four independent biological replicas relative 

to the untreated/uninfected control. 

(D) LC3B-II and p62 Autophagy flux calculations relative to the untreated control (steady-state) levels from data 

shown in (C).  

(E)  Immunoblot generated from laysat from (B) was probed using anti-ubiquitin antibodies 
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All bar graphs show means ± s.d.; asterisks indicate p values (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) 

obtained by two-tailed unpaired t-tests. 

The experiments shown in panels B, C & D were performed together with the technician Hendrik Weiser. Hendrik 

Weiser helped perform the biological replicas.The figure (except panel E) was adapted from figure 8 a, d, e & f 

Shaban et al. under a Creative Commons Attribution 4.0 International License (Shaban et al. 2021). 

 

The data above indicated a possible role of basal autophagy flux and lysosomal pathways in earlier steps 

of HCoV-229E replication. The data also indicated a role of selective autophagy in this CoV replication 

that might be needed throughout the investigated 24 hours of infection. Hence, the downregulation of 

CoV-induced specific autophagy flux by thapsigargin can offer a possible anti-viral mechanism.  

Assessing the status of autophagy flux under the above-mentioned conditions using IFA revealed the 

following: the steady-state level of selective autophagy flux can be observed as an increase in the 

cytoplasmic p62 (red) puncta (corresponding to autophagosomes) in presence of BafA1 as compared to 

untreated cells. Cells infected with the virus and treated with BafA1 4 hours before infection showed an 

expected sharp decrease in the nsp8 (green) signal and a massive increase in the p62 puncta when 

compared to infection without BafA1. The simultaneous virus infection and thapsigargin treatment 

resulted in a strong increase of p62 puncta that remained relatively the same when BafA1 was added for 

16 or 28 hours (Fig. 33). All of which corresponded to the autophagy flux quantification in figure 32 D.  

 

Figure 33:  Representative images of one out of two biological replicas of fluorescently labeled 

Huh7 cells with nsp8 (green) and p62 (red) antibodies along with phase-contrast (Ph) light 

microscopy images. Green signal indicates the HCoV-229E replication sites while red signal shows 

p62-positive puncta under indicated conditions.  
Method details as indicated in figure 16 & 17. DMSO was used as solvent control. Hoechst 33342 was used to 

stain the nuclei (blue).  

The experiment was performed together with Dr. Christin Mayer-Buro. Dr. Mayer-Buro helped perform the 

biological replicas and analyzing the data. The figure was adapted from figure 8 c, Shaban et al. under a Creative 

Commons Attribution 4.0 International License (Shaban et al. 2021). 

The sharp drop in the viral N protein level in the 28 hours of BafA1 treatment in contrast to the 

unchanged levels of this protein in the 16 hours of BafA1 treatment of HCoV-229E infected cells as 
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observed on Western blot promoted deeper investigation. For this, the viral titers of these conditions 

were investigated using plaque assay (Fig 34). A titer drop of 2 log10 fold was observed when the cells 

were treated with 28 hours of BafA1. Intriguingly, the 16 hours of BafA1 treatment resulted in a 

significant drop of the titer of about one log10 fold contradicting the results obtained on the Western blot 

and suggesting a possible parallel inhibition of the degradation of this viral protein or decoupling 

between the production of infectious particles and the viral protein translation. 16 hours of BafA1 

treatment of cells under thapsigargin + virus condition resulted in an additive, additional drop of the 

viral titer when compared to the 16 hours of BafA1 + virus only condition. Contrary to that, the 28 hours 

of BafA1 treatment of thapsigargin + virus condition did not show any accumulative anti-viral effect 

(Fig. 34 left).   

Concerning other coronaviruses, treatment of MERS-CoV-infected cells with BafA1 for 28 hours or 16 

hours did not result in any drop in the virus titer hinting at the insensitivity of this CoV to lysosomal 

blockade (Fig. 34 middle). On the other hand, SARS-CoV-2-infected cells, treated with BafA1 showed 

a significant drop in the virus titer at both time points of BafA1 addition (Fig. 34 right). Notably (and 

independent from BafA1 treatment), 28 hours of thapsigargin treatment of SARS-CoV-2-infected cells 

resulted in a much stronger drop of the virus titer previously seen in the 24 hours of simultaneous 

treatment/infection pointing to a possible mechanism of virus-entry inhibition by thapsigargin in VERO-

E6 cells.  

 

Figure 34: Bafilmycine A1 inhibition of CoV replication is pathogen- and time of treatment-

dependent.  
Supernatants from Huh7 cells infected with MERS-CoV or HCoV-229E and from VERO-E6 cells infected with 

SARS-CoV-2 under the indicated experimental conditions were analyzed through plaque assay to determine the 

corresponding viral titer. MOIs used were 1, 0.5, and 0.5 for HCoV-229E, MERS-CoV, and SARS-CoV-2 

respectively. The infection lasted 24 hours. DMSO was used as solvent control. The experiment was performed as 

at least four independent biological replicas. Dots show individual replicates, all bars show the means ± s.d.; 

asterisks indicate p values (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) obtained by two-tailed unpaired 

t-tests. 

The experiments were performed together with Hendrik Weiser and Dr. Christin Mueller. Dr. Mueller performed 

all MERS-CoV and SARS-CoV-2 infections and plaque assays. Hendrik Weiser helped perform the biological 

replicas of the HCoV-229E experiment. The figure was adapted from figure 8 a & b Shaban et al. under a Creative 

Commons Attribution 4.0 International License (Shaban et al. 2021). 
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Overall, the data above hinted at an intricate, virus-specific relation between autophagy flux and CoV 

replication that varies with the progression of the infection and that was completely disrupted by 

thapsigargin.   

 

4.2.2 Pharmacological modulations of autophagy flux and PERK pathway in cells 

infected with CoV 

 

Pathways regulated by PERK have been shown to induce/contribute to autophagy flux upon UPR 

activation (Avivar-Valderas et al. 2011; Ogata et al. 2006; Zheng et al. 2019). To explore the cross talk 

between ER stress and UPR through PERK activation in the context of CoV infection, PERK, and 

lysosomal pathways were blocked using GSK2606414 and BafA1 respectively, alone or in 

combination,. Subsequently, the autophagy flux was measured as previously described and viral 

replication was assessed in supernatants of infected conditions using plaque assay. 

This cross talk was first explored in the context of HCoV-229E infection of Huh7 cells with 

experimental conditions schematically indicated in figure 35 A. Whole-cell extracts were then subjected 

to Western blot analysis and probed with indicated viral and host proteins antibodies (Fig. 35 B). 

Expectedly, infected samples treated with GSK2606414 showed single inactivated (fast-migrating) 

PERK band. The viral N protein showed a reduction of about 50 percent in presence of 10 μM of the 

PERK inhibitor, recapitulating the results in section 4.1.1. Likewise, BafA1 treatment for 28 or 16 hours 

of infected samples recapitulated the results seen in figure 32.   

Combined treatment of both GSK2606414 and BafA1 of infected cells resulted in a strong reduction of 

the N protein band. Compared to GSK2606414 alone or BafA1 alone treatments, this reduction was 

stronger when BafA1 was added 4 hours before the infection. On the other hand, adding BafA1 8 hours 

after infection resulted in a reduction of the N protein that was similar to the reduction seen in GSK 

alone condition.  The measured viral titer for the combinatory treatments of GSK2606414 + 16 hours 

BafA1 showed an additive inhibitory effect when compared to 16 hours of BafA1 alone treatment. 

Intriguingly, the GSK2606414 + 28 hours of BafA1 did not show any significant drop of the viral titer 

when compared to 28 hours of BafA1 alone treatment despite the stronger reduction of the N protein 

levels seen on Western blot. This last observation might be hinting at the activation of an alternative 

(more efficient?) degradation mechanism of the viral N protein when both pathways are blocked.  

Analysis of p62 and LC3B protein level changes amongst the experimental conditions and the 

subsequent calculations of specific and basal autophagy flux showed that the PERK inhibitor slightly 

downregulated specific autophagy flux and had little to no influence on basal flux. This might indicate 

a decoupling of virus replication inhibition from autophagy flux as opposed to the strong inhibition of 

both fluxes seen in the thapsigargin treatment of infected cells.  
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Figure 35: Regulation of autophagy flux and HCoV-229E replication in the context of PERK 

inhibition. 
Huh7 cells were left uninfected or infected with HCoV-229E (MOI=1) for 24 hours. The cells were treated with 

10 μM of GSK2606414 and 1 μM of BafA1 in combination or alone.  BafA1 was added either 4 hours before 

infection/treatment (28 h conditions) or 8 hours after (16 h conditions). GSK2606414 was added half an hour 

before the start of the 24 hours infection/treatment period. 

 

(A) Schematic representation of investigated experimental conditions.  

(B) Whole-cell extracts using special lysis buffer were subjected to western blot analysis and probed with the 

indicated viral and host protein antibodies. β-actin was used as an equal loading control. 

(C) Quantification of protein levels investigated in (B) relative to the untreated/uninfected control. 

(D) Autophagy flux calculations based on LC3B-II and p62 protein levels relative to the untreated control (steady-

state) levels from data shown in (B) & (C).  
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(E) Supernatants of infected conditions from (B) were used to assess virus replication using plaque assay. Viral 

titer expressed as pfu/ml.  

The experiment was performed as three independent biological replicas. All bar graphs show means ± s.d.; 

asterisks indicate p values (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) obtained by two-tailed unpaired 

t-tests. 

 

Similar to HCoV-229E, the same set of experiments, under the same set of conditions shown in figure 

35 A, was carried out in Huh7 cells infected with MERS-CoV. Intriguingly, neither PERK inhibitor nor 

BafA1 treatment, at both time points, significantly affected the levels of the viral N protein as analyzed 

on Western blotting (Fig. 36 A & B). In contrast to that, 10 μM of GSK2606414 and the combinatory 

treatment of GSK2606414 + 28 hours BafA1 resulted in a significant drop of the viral titer with about 

one log10 fold difference for both cases (Fig. 36 D). This observation hints at the possibility that the 

PERK-mediated inhibition of MERS-CoV replication is not coupled with inhibition of the viral N 

protein translation. Alternatively, it might indicate a deactivation of the degradation mechanism of the 

viral protein.  

Analysis of p62 and LC3B protein level changes amongst the experimental conditions and the 

subsequent calculations of specific and basal autophagy flux showed that both MERS-CoV infection 

and GSK2606414 treatment, alone or combined resulted in the downregulation of basal autophagy flux. 

MERS-CoV infection did not signficantly influence specific autophagy flux when BafA1 was added for 

28 hours. Contrary, adding BafA1 for 16 hours resulted in a significant reduction of specific autophagy 

flux. PERK inhibitor downregulated specific autophagy flux at both time points of BafA1 addition (Fig. 

36 C).  
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Figure 36: Regulation of autophagy flux and MERS-CoV replication in the context of PERK 

inhibition. 
Huh7 cells were left uninfected or infected with MERS-CoV (MOI=1) for 24 hours. The cells were treated with 

10 μM of GSK2606414 and 1 μM of BafA1 in combination or alone.  BafA1 was added either 4 hours before 

infection/treatment (28 h conditions) or 8 hours after (16 h conditions). GSK2606414 was added half an hour 

before the start of the 24 hours infection/treatment period, as indicated in figure 35 A. 

 

(A) Whole-cell extracts using SDS lysis buffer were subjected to western blot analysis and probed with indicated 

viral and host protein antibodies. β-actin and Coomassie Brilliant Blue (CBB) staining was used as an equal loading 

control. 

(B) Quantification of protein levels investigated in (B) relative to the untreated/uninfected control. 

(C) Autophagy flux calculations based on LC3B-II and p62 protein levels relative to the untreated control (steady-

state) levels from data shown in (B) & (C).  

(D) Supernatants of infected conditions from (B) were used to assess virus replication using plaque assay. Viral 

titer expressed as pfu/ml.  

The experiment was performed as three independent biological replicas. All bar graphs show means ± s.d.; 

asterisks indicate p values (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) obtained by two-tailed unpaired 

t-tests.  

The experiment was performed together with Dr. Christin Mueller. Dr. Mueller performed all MERS-CoV 

infections and plaque assays. 
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Similar to HCoV-229E and MERS-CoV, the same set of experiments, under the same set of conditions 

shown in Fig 35 A, was carried out in VERO-E6 cells infected with SARS-CoV-2. In contrast to the 

data obtained from HCoV-229E, the PERK inhibitor did not result in any significant changes in the two 

visible bands of SARS-CoV-2 N protein when analyzed on western blot. BafA1 treatment at 4 hours 

before infection led to the complete disappearance of both bands of the viral N protein. Intriguingly, the 

16 hours of BafA1 treatment of infected cells (i.e. 8 hours after infection) lead to the complete 

disappearance of the lower band of the viral N protein and a significant increase in the upper band when 

compared to the infection-only condition. However, the overall intensity of the two bands of the viral N 

protein in infection-only condition was similar to the 16 h BafA1 + infection solo band. These 

observations might indicate a possible merging of the viral N protein bands as a result of PTMs induced 

by the presence of BafA1. The combinatory treatments of GSK2606414 + BafA1 resulted in a similar 

pattern of viral N protein bands to the BafA1 only treatment of infected cells at each respective time 

point of BafA1 addition (i.e. GSK2606414 + 16 h BafA1 was similar to 16 h BafA1 and GSK2606414 

+ 28 h BafA1 was similar to 28 h BafA1). 

Assessing basal and specific autophagy flux through quantifying the levels of LC3B and p62, 

respectively, revealed a strong downregulation of basal autophagy flux by GSK2606414 that was further 

downregulated by SARS-COV-2 at both time points of BafA1 addition. On the other hand, 

GSK2606414 treatment resulted in a slight reduction of specific autophagy flux. SARS-CoV-2 infection 

significantly downregulated specific autophagy flux. This last observation might indicate a possible anti-

viral role of this arm of autophagy in SARS-CoV-2 replication contrary to the observations in HCoV-

229E (Fig. 37 C). 

Supernatants from infected conditions were then used to assess the virus replication using plaque assay. 

The analysis indicated that only conditions with BafA1 added 4 hours before the infection showed a 

significant drop in the titer (Fig. 37 D).  
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Figure 37: Regulation of autophagy flux and SARS-CoV-2 replication in the context of GSK 

treatments. 
VERO-E6 cells were left uninfected or infected with SARS-CoV-2 (MOI=1) for 24 hours. The cells were treated 

with 10 μM of GSK2606414 and 1 μM of BafA1 in combination or alone.  BafA1 was added either 4 hours before 

infection/treatment (28 h conditions) or 8 hours after (16 h conditions). GSK was added half an hour before the 

start of the 24 hours infection/treatment period, as indicated in figure 35 A. 

 (A) Whole-cell extracts using SDS lysis buffer were subjected to western blot analysis and probed with indicated 

viral and host protein antibodies. β-actin was used as an equal loading control. 

(B) Quantification of protein levels investigated in (B) relative to the untreated/uninfected control. 

(C) Autophagy flux calculations based on LC3B and P62 protein levels relative to the untreated control (steady-

state) levels from data shown in (B) & (C).  

(D) Supernatants of infected conditions from (B) were used to assess virus replication using plaque assay. Viral 

titer expressed as pfu/ml.  

The experiment was performed as three independent biological replicas. All bar graphs show means ± s.d.; 

asterisks indicate p values (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) obtained by two-tailed unpaired 

t-tests.  
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The experiment was performed together with Dr. Christin Mueller. Dr. Mueller performed all SARS-CoV-2 

infections and plaque assays. 

 

Taken together, the data obtained from the three viruses indicated a possible strain-specific role of both 

investigated types of autophagy in their replication that is in need for further elucidation.  

4.3 Genetic perturbations of several ER stress factors in Huh7 cells and their effect on 

CoV replication and host response 

The results of the pharmacological manipulation of ER stress and UPR pathways presented in the 

previous sections indicated a possible important role of PERK in the replication of HCoV-229E and 

MERS-CoV. By contrast, IRE1α inhibition did not result in any major changes in HCoV-229E 

replication. As with most protein kinase inhibitors (Bain et al. 2007; Davies et al. 2000), the ones used 

in this study can be prone to off-target inhibition, and lack of information on enzymatic-independent 

activities (for example; structural roles) of the inhibited protein kinases amongst others. Hence, a genetic 

approach was next followed to knockdown (KD) the two ER stress sensors, PERK and IRE1α, and the 

downstream transcription factor ATF3 that is stress-induced but yet with an elusive role.  

For this purpose, a CRISPR-CAS-9 approach that is based on single vector systems that allow transfer 

of all components to the recipient cell either by normal transfection or by lentiviral transduction was 

utilized. Both protocols require the delivery of an active CAS-9 enzyme along with target-specific single 

guide RNA (sgRNA). The two protocols differ in the vectors used for cloning and expressing the 

required components and the delivery method to the cells.  The pX459 protocol utilizes the pX459 

(sSpCas9 (BB)-2A-Puro) vector that expresses active CAS-9 enzyme. A target-specific sgRNA is then 

cloned in this vector and the resulting vector is then delivered to the cells (Huh7 cells in this case) via 

different methods including, for example, Calcium phosphate transfection. The selection marker for the 

integration of this vector is puromycin. Hence, cells resistant to puromycin’s cytotoxic effect would be 

assumed to have successfully and stably integrated the CAS-9-sgRNA components.  

On the other hand, the highly efficient, second-generation lentivirus transduction system used here as 

well depends on simultaneously delivering three plasmids to HEK293FT cells through a reagent-

dependent method of transfection (for example; Lipofectamine 2000). Two of these plasmids, the 

packaging and the envelope vectors, are carrying essential components to produce replication-

incompetent lentivirus particles. A third one, the transfer vector, contains CAS-9 enzyme and target-

specific sgRNA. The co-transfection of these three plasmids will result in the production of lentivirus 

particles containing a gene of interest (CAS-9-sgRNA components) capable of infecting a wide range 

of host cells (Huh7 cells in this case) and subsequently stably integrating the gene of interest in the host 

genome with puromycin as selection marker. 



138 
 

As a control for any unintended deregulations of cellular pathways of the targeted cells by both methods, 

an empty vector (with no sgRNA) cell line has been established in parallel.  

After applying any of these two methods, cells surviving the selection pressure are then tested and 

characterized using different methods. Example of such methods include host DNA extraction, PCR 

amplification of the targeted region in the genome followed by Sanger sequencing of the amplicon (to 

confirm the InDel mutations) or protein levels assessment (of the product of the targeted gene) on 

Western blots.  

 

 

Figure 38:  The schematic representation described in figure 11 is used here to illustrate the targets 

of the CRISPR-CAS-9-mediated genetic approach used in this study.  

 

4.3.1 Establishing stable PERK and IRE1α knockdown cell lines 

 

For knocking down PERK, four different sgRNAs targeting exons one and three of the EIF2AK3 (PERK 

gene) DNA sequence were designed (see methods). In-silico, sgRNA 1 and 2 together resulted in 145 

nucleotides removal from the sequence while sgRNA 4 and 5 resulted in a deletion leading to a 

frameshift (Fig. 39 A). The sgRNAs were cloned into the pX459 system and the resultant vectors were 
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transfected in Huh7 cells either individually or in combination. After several weeks of puromycin 

selection (1 µg / ml), the PERK protein levels in the newly engineered cell lines were assessed on a 

Western blot with or without HCoV-229E infection (Fig. 39 B). 

With parental Huh7 cells used as a reference, the Western blot analysis indicated a successful 

knockdown (KD) of PERK in all the tested, stable cell lines though to a varying degree of protein level 

reduction (Fig. 39 B). The cell line with sgRNAs 1+2 combination displayed the best PERK protein 

level reduction and hence was selected for further characterization. Next, the behavior of this stable 

PERK KD cell line was compared to the empty vector control and the parental cell lines with or without 

HCoV-229E infection on a Western blot (Fig. 39 C).  In comparison to the parental cell line, the empty 

vector control cell line showed a very comparable pattern of regulation of the investigated host and viral 

proteins upon the virus infection. Based on this observation, this cell line was used as a sole reference 

control for further experiments and characterizations.  On the other hand, factors investigated in the 

PERK KD cell line displayed multiple deviations (from both controls) including an increase in the viral 

N and ATF3 protein levels, and a reduction in IRE1α protein level. All of which were the subject of 

further investigation.  
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Figure 39: Establishing a stable PERK knockdown cell line. 

(A) Schematic representation of the four different sgRNAs targeting exons one and three of the EIF2AK3 (PERK 

gene) DNA sequence in-silico (using DNASTAR navigator). These sgRNAs were then cloned into the pX459 

plasmid system and used to transfect parental Huh7 cells individually or in combination. The transfected cells 

were then subjected to puromycin selection (1 µg / ml). Yellow arrows represent the individual sgRNAs. The head 

of the arrow indicates the direction of sgRNA. Red rectangular marked with “1+2 cut” represents the expected 

(possible) 145 nucleotides removal as a result of sgRNA 1+2 cuts. Pink rectangular marked with “3+4 frameshift-

deletion” represents the deletion and subsequent frameshift as a result of sgRNA 3+4 cuts. Green boxes indicate 

the PAM site.  

(B) Whole-cell extracts of the newly engineered cell lines using special lysis buffer were subjected to Western blot 

analysis and the efficiency of PERK knockdown was then assessed using anti-PERK antibodies in the presence or 

absence of 24 hours of HCoV-229E (MOI of 1) infection.  

(C) After further multiple passages under puromycin selection (1 µg / ml) a stable cell line carrying the 

combination sgRNAs 1+2 was selected and designated as the PERK KD cell line. Whole-cell extracts from PERK  
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KD, parental Huh7, and pX459 empty vector control cell lines with or without 24 hours of HCoV-229E (MOI of 

1) infection were subjected to Western blotting. Using indicated antibodies, host and viral protein levels were then 

compared amongst the three cell lines.  

β-actin was used as a loading control. 

 

Worth noticing here is the improvement in the knockdown efficiency between the first test of the PERK 

KD cell line (Fig. 39 B) and the subsequent testing (Fig. 39 C). This improvement happened after several 

passages of the cells under the selection pressure. This improvement might indicate either a further 

elimination of cells that did not integrate the CRISPR-CAS-9 system or a further targeting of more 

alleles within cells already integrated the system. As the double strand break induced by the CAS-9 

enzyme is irreversible, the reduction of PERK will then expectedly increase over time as more cells of 

the pool will acquire complete genome editing.  

Furthermore, a CAS-9 recombination event is irreversible and is therefore usually refered to as a 

knockout (compared to classical RNA interference, which causes knockdowns). Neverthless and given 

the strong reduction in protein levels seen on Western blotting, these experiments were performed with 

pools of cells (i.e. no clonal selection was carried out) and hence, the genome-edited cells examined 

here are refered to as knockdowns.  

The next step was to knockdown IRE1α. For this purpose, four different sgRNAs targeting exons one 

and eight of the ERN1 (IRE1α gene) DNA sequence were designed. In-silico, sgRNA 1 and 2 together or 

3 and 4 together resulted in cuts with a subsequent frameshift (Fig. 40 A). As previously described for 

PERK KD, the sgRNAs were cloned into the pX459 system and the resultant vectors were used to 

transfect Huh7 parental cells either individually or in combination. After several weeks of puromycin 

selection (1 µg / ml), the IRE1α protein levels in the newly engineered cell lines were assessed on a 

Western blot with or without HCoV-229E infection. The parental and the empty vector cell lines were 

used as control references. All of the tested cell lines showed a reduction in the levels of IRE1α with the 

cell line carrying the sgRNA 1+2 combination displaying the strongest reduction (Fig. 40 B). This cell 

line was then designated as IRE1α KD and used for further experimentations. On a Western blot, the 

regulation of multiple host and viral proteins was then compared amongst the three cell lines, the empty 

vector control, the parental Huh7, and IRE1α KD cell lines with or without HCoV-229E infection. 

Confirming the observations in figure 39 C, the empty vector control cell line displayed a very similar 

pattern of proteins regulation upon the virus infection to the parental cell line.  Contrary, the IRE1α KD 

cell line displayed multiple deviations including a slight reduction in the viral N protein and a strong 

reduction in ATF3 activation levels (Fig. 40 C).  
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Figure 40: Establishing a stable IRE1α knockdown cell line. 

(A) Schematic representation of the four different sgRNAs targeting exons one and three of the human ERN1 

gene (encoding IRE1α) DNA sequence in-silico (using DNASTAR navigator). These sgRNAs were then cloned 

into the pX459 plasmid system and used to transfect parental Huh7 cells individually or in combination. The 

transfected cells were then subjected to puromycin selection (1 µg / ml). Yellow arrows represent the individual 

sgRNAs. The head of the arrow indicates the direction of sgRNA.  The two blue rectangular marked with “1+2 

frameshift-deletion” and with “3+4 frameshift-deletion” represent the deletion and subsequent frameshift as a 

result of sgRNAs 1+2 and 3+4 cuts respectively. Green boxes indicate the PAM site. The red arrow indicates the 

start of coding sequence.  
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(B) Whole-cell extracts of the newly engineered cell lines using special lysis buffer were subjected to Western 

blot analysis and the efficiency of IRE1α knockdown was then assessed using anti- IRE1α antibodies in the 

presence or absence of 24 hours of HCoV-229E (MOI of 1) infection.  

(C) After further multiple passages under puromycin selection (1 µg / ml), a stable cell line carrying the 

combination sgRNAs 1+2 was selected and designated as the IRE1α KD cell line. Whole-cell extracts from 

IRE1α KD, parental Huh7, and pX459 empty vector control cell lines with or without 24 hours of HCoV-229E 

(MOI of 1) infection were subjected to Western blotting. Using indicated antibodies, host and viral protein levels 

were then compared amongst the three cell lines.  

β-actin was used as a loading control 

 

The data above indicated a successful establishment of engineered cell lines carrying PERK or IRE1α 

knockdowns. 

 

4.3.2 Characterizing PERK and IRE1α knockdown cell lines in the context of HCoV-

229E replication  

 

To follow up on the initial observations seen in figures 39 C & 40 C, protein levels of several host and 

viral factors in PERK and IRE1α KD cell lines in reference to the empty vector control cell line were 

compared on a Western blot (Fig. 41 A & B). PERK and IRE1α protein levels showed a strong reduction 

corresponding to each of these cell lines’ knockdown, confirming the stability of these selected cell 

lines. Interestingly, in the PERK KD cell line, thapsigargin-induced upregulation of IRE1α was 

completely reversed. One hour of thapsigargin induced strong phosphorylation of eIF2α on serine 52 in 

both IRE1α KD and the empty vector cell lines. In comparison to these cell lines, no phosphorylation of 

eIF2α on serine 52 was observed in PERK KD. On the other hand, prolonged exposure of all cell lines 

to thapsigargin activated eIF2α serine 51 phosphorylation, indicating an independent mechanism for 

translation modulation in prolonged ER stress conditions in PERK KD (though there was no statistical 

significance using the indicated test and comparsion, see figure legends).  

The investigated viral factors showed a varying degree of regulation in the KD cells. PERK KD cells 

infected with 24 hours of HCoV-229E (MOI of 1) showed a significant increase in the viral N protein 

while no change in the levels of nsp8.  IRE1α KD cells infected with the virus showed no changes in 

the levels of either viral factors. Assessing the level of infectious particles production in these cell lines 

using plaque assay indicated a slight change in the viral titer in IRE1α KD cell line while surprisingly, 

in the light of the aforementioned effects on intracellular N viral protein, a decrease in the titer has been 

observed in PERK KD cell line (Fig. 41 C).  
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Figure 41: Differential effects of CRISPR-CAS-9 engineered cell lines lacking PERK or IRE1α on 

the ER stress response and HCoV-229E replication.   
Huh7 cells with CRISPR-CAS-9 engineered PERK or IRE1α knockdown or the empty vector control cell line 

were either left untreated, infected with HCoV-229E (MOI of 1), treated with 1 µM of thapsigargin, or infected 

and treated simultaneously as indicated. After 24 h, whole-cell extracts were prepared using the special lysis buffer 

and subjected to Western blotting. Supernatants from the indicated conditions were collected and assayed for 

infectious particles production using plaque assay. 

 

(A) Shows a representative immunoblot of the investigated host and viral proteins of one out of the three biological 

replicas. 

(B) Quantification of proteins or protein phosphorylation levels shown in (A) from three independent biological 

replicas relative to the untreated control. Antibodies against β-actin were used as a loading control.  

(C) Supernatants from the experiments shown in (A) were used to determine the production of infectious viral 

particles by plaque assay. The Y-axis shows plaque-forming units per milliliter (pfu /ml).  

Bars show means ± s.d., while dots show the results from biologically independent experiments. Asterisks indicate 

p values (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) obtained by one-way ANOVA test where the mean 

of each column was compared to the mean of the empty vector untreated column, except for the vrial proteins and 

viral titer where they were compared to the mean of the empty vector infected sample. Two-tailed unpaired t-test 

was also used for the indicated pairs in IRE1α and eIF2α panels (B). 

 

Overall, the data indicated a PERK-independent regulation of eIF2α serine 52 phosphorylation along 

with a possible decoupling between the viral N protein translation and/or degradation and infectious 
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particles production. Overall, and in contrast to PERK, the data showed only a minor role of IRE1α in 

HCoV-229E replication.  

To follow up on the differential regulation of eIF2α phosphorylation in PERK KD cells compared to the 

empty vector control cell line and the impact of this regulation on the de-novo protein synthesis 

landscape in this cell line, a puromycilation assay was utilized. As previously described for parental 

Huh7 cells, one hour of thapsigargin treatment of the empty vector control cells resulted in a strong 

reduction in translation levels. In stark contrast, PERK KD cells showed a complete reversal of the 

translation shutdown. On the other hand, the virus-induced translational shutdown seen in the control 

cell line was only partially reversed in the PERK KD cell line. A strong reversal of the partial translation 

shutdown induced by 24 hours of thapsigargin was observed in PERK KD cells compared to the control. 

In contrast, IL-1 treatment, which was used as an additional reference, did not induce changes in 

translational levels in either cell lines, confirming the specificity of the effects (Fig. 42 A & B).   
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Figure 42:  Differential effects of CRISPR-CAS-9 engineered PERK KD cell line on de novo 

protein synthesis.    
Huh7 cells with CRISPR-CAS-9 engineered PERK knockdown or the empty vector control cell line were either 

left untreated, infected with HCoV-229E (MOI of 1), treated with 1 µM of thapsigargin for 1 h or 24 h, infected 

and treated with 24 hours of thapsigargin and HCoV-229E or treated with 1 h of IL-1 as indicated. Half an hour 

before harvesting the cells, a pulse of 3 μM of puromycine was added to the medium of all conditions except one 

untreated/uninfected control (as indicated in the legend). Thereafter, total cell extracts were prepared using special 

lysis buffer and analyzed on western blot.   

 

(A) Representative immunoblot of anti-puromycine antibodies (left) and CBB staining of the corresponding 

immunoblot as a loading control and steady-state protein levels visualization (right) of one out of three biological 

replicas. 

(B) The corresponding quantification from (A) from the three independent biological replicas relative to the 

puromycine-only condition (puro-pulsed, untreated/uninfected control of the empty vector).   

Bars show means ± s.d., while dots show the results from biologically independent experiments. Asterisks indicate 

p values (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) obtained either by one-way ANOVA test where 
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the mean of each column was compared to the mean of the empty vector untreated (puro-pulsed) column, or using 

two-tailed unpaired t-tests for the indicated pairs.  

The same puromycliation assay experiment, under the same experimental conditions, was then carried 

out for the IRE1α KD cell line. The western blot analysis indicated no major changes in the pattern of 

translation regulation as compared to the empty vector control though the intensities of lanes in the 

IRE1α KD cell line were stronger (Fig. 43). Therefore, the role of IRE1α in these effects was not 

followed any further.  

 

Figure 43:  Differential effects of CRISPR-CAS-9 engineered IRE1α knockdown cell line on de 

novo protein synthesis.   
Huh7 cells with CRISPR-CAS-9 engineered IRE1α knockdown or the empty vector control cell line were either 

left untreated, infected with HCoV-229E (MOI of 1), treated with 1 µM of thapsigargin for 1 h or 24 h, infected 

and treated with thapsigargin and HCoV-229E for 24 hours or treated with 1 h of IL-1. Half an hour before 

harvesting the cells, a pulse of 3 μM of puromycin was added to the medium of all conditions except one 

untreated/uninfected control (as indicated in the legend). Thereafter, total cell extracts were prepared using the 

special lysis buffer and analyzed on western blot.   

The panel shows an immunoblot of anti-puromycine antibodies (left) and CBB staining of the corresponding 

immunoblot as a loading control and steady-state proteins levels visualization (right) of a single experiment. 

 

The data above reflected the role of PERK in the differential regulation of eIF2α phosphorylation and 

its effect on translation. The data also pointed out possible, additional involvement of other eIF2α protein 

kinases (PKR, GCK2 and HRI) that might be activated by the virus to induce and maintain the 

translational shutdown throughout the infection. 

To follow up on the increase of the viral N protein in the PERK KD cells accompanied by a reduction 

in the titer, a click chemistry approach was implemented to label the nascent polypeptides with 

methionine analog, L-Homopropargylglycine (L-HPG). L-HPG can be then conjugated to biotin, pulled 

down and probed for the protein of interest on a western blot. This method has two main advantages 

over classical puromycin labelling mentioned previously. First, it does not result in a premature stop of 

translational elongation that is associated with puromycin and therefore, is suited to detect any artifacts 

associated with t-RNA analogues such as puromycin or its derivatives.  The second one, it allows the 
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purification of the full length nascent proteins using the biotin-strepavidin system and the subsequent 

analysis of the translation rates of individual proteins using specific antibodies.  

The method relies on the addition of L-HPG to a methionine-free medium two hours before the end of 

the experiment. The added L-HPG will be incorporated into the newly synthesized polypeptides without 

causing premature translation termination. Proteins extracted from these cells will then be subjected to 

a click reaction to add a biotin azide to the alkyne group on the L-HPG that can be then captured using 

streptavidin beads and analyzed on Western blot or sent to mass spectrometry analysis (Fig. 44 A).  

For this purpose, PERK KD and empty vector control cell lines were left untreated, infected with 24 

hours of HCoV-229E (MOI of 1), or simultaneously infected and treated with 1 µM of thapsigargin for 

24 hours. Whole-cell extracts containing polypeptides labeled with L-HPG were then conjugated to 

biotin and analyzed on a western blot using the click chemistry step. The analysis was done by first 

comparing whole-cell lysates before and after the click reaction using streptavidin covalently cojugated 

to Horseradish peroxidase enzyme (i.e. lysates vs click lysates). This comparison indicated the 

successful conjugation of the biotin azide to the alkyne group on the L-HPG of the newly synthesized 

polypeptides as the click-lysates side of the blot showed the expected smear patterns while lysates side 

showed no smear. The efficiency of labeling, however, was different between the two cell lines with the 

empty vector control cells showing stronger intensities of the smear (Fig. 44 B).  

Labeled polypeptides from both cell lines were then pulled down using streptavidin beads. Click-lysate 

and pulled down proteins were probed for biotin and several host, and viral factors. PERK and BiP were 

shown to be strongly newly synthesized in the empty vector control condition treated with thapsigargin. 

The downregulation of the BiP and PERK upon HCoV-229E infection can also be seen on the level of 

translation in this cell line. Under all conditions, PERK KD cells exhibited a general downregulation of 

all investigated factors. Nevertheless, under the virus infection condition, the viral N protein was 

massively translated in PERK KD cells when compared to the empty vector control cell line, which was 

in agreement with the increase of the steady state level of this protein seen in the lysate blots (Fig. 41 A 

and Fig. 44 C).  
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Figure 44:  Upregulation of de novo synthesis of the viral N protein in CRISPR-CAS-9 engineered 

PERK cell lines.     
CRISPR-CAS-9 engineered PERK knockdown and the empty vector control cell lines were left untreated, infected 

with 24 hours of HCoV-229E (MOI of 1), simultaneously infected and treated with 1 µM of thapsigargin for 24 

hours. At 21.5 hours before the end of the infection/treatment period, cells were washed with warm PBS and then 

incubated in a methionine-free medium for half an hour, and then 25 µM of L-HPG was added for further 2 hours. 

As a negative control for the method, additional untreated cells were left without medium change or L-HPG 

addition. Total cell extracts using click-chemistry lysis buffer (details in the materials section) were pre-cleared 

and then conjugated to biotin through click reaction. Proteins were then precipitated with acetone, re-supsnedned 

in PBS with 1% SDS and separated from the reaction buffer using Zebra Spin Columns (Thermo 89882 7k 

MWCO). Finally, biotinylated nascent proteins were pulled down using Streptavidin-Agarose beads, and then 

analyzed on Western blot  

 

(A) Schematic representation of labeling nascent polypeptides with L-HPG, the subsequent click reaction to 

conjugate it to biotin, and thereafter pulling down the labeled proteins using streptavidin beads. R: side group.  

(B) Western blot analysis comparing lysate vs click-lysate using HRP-Conjugated streptavidin. 

(C) Western blot analysis comparing click-lysate vs pulldown using HRP-Conjugated streptavidin (upper left) and 

the indicated host and viral proteins antibodies (lower). CBB staining of the corresponding immunoblot was used 

as a loading control and steady-state proteins levels visualization (upper right). 
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The data above demonstrated the strong translational induction of viral N protein, and the virus-induced 

downregulation of BiP at the translational level in infected cells. The data further showed that 

thapsigargin suppresses N protein synthesis and restores BiP synthesis against the global translational 

shutdown. The data also indicated a decoupling between the viral N protein translation and the 

production of infectious particles in cells lacking PERK.   

Together, the data shown so far in chapters 4.1 and 4.3 highlight the complex and diverging roles of the 

two major ER stress sensors IRE1α and PERK in CoV- infected cells and in the response to thapsigargin. 

Therefore, additional experiments were performed to study downstream effector molecules in these 

pathways.  

4.3.3 Establishing stable ATF3 knockdown cell line using lentivirus system 

 

ATF3 is a transcription factor involved in multiple ER stress pathways. As previously indicated in figure 

12, ATF3 is induced upon HCoV-229E infection as well as by long-term thapsigargin treatment. The 

induction of this factor was suppressed when cells were treated with either PERK or IRE1α inhibitors. 

However, no functional role of this transcription factor in CoV replication nor in thapsigargin-mediated 

effect has been reported or investigated yet.   

For this purpose, two ATF3 knockdown cell lines were generated using the pX459 system, each having 

one sgRNA designed to target the coding sequence of ATF3 as described previously. After puromycin 

selection, none of these cell lines showed any reduction in the levels of ATF3 in the presence or absence 

of HCoV-229E infection (Fig. 45 A). Given these negative results, the lentivirus transduction system, a 

more efficient and comprehensive approach, was utilized. Six sgRNAs taken from the GECKO version 

2.0 sgRNA library (Sanjana, Shalem, and Zhang 2014) were cloned in the transfer vector of the second-

generation lentivirus transduction system and the protocol was carried out as described in the Methods 

to generate six engineered cell lines (see Methods for more details). After puromycin selection, the six 

resultant cell lines were either left untreated or infected with HCoV-229E for 24 hours. An empty vector 

control cell line was used as a reference. Out of the six cell lines, only the cell line with sgRNA number 

3 (LentiViruse-sgRNA3) showed a knockdown of the protein in both steady-state and induced (with 

infection) conditions. This cell line was then chosen for further analysis (Fig. 45 B).  
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Figure 45: Attempts to establish stable ATF3 knockdown cell lines. 

(A) Parental Huh7 cells were individually transfected with two pX459 plasmids containig either sgRNA 1 or 2 

each targeting a different region in the coding sequence of ATF3, as previously described. After multiple passages 

under puromycin (1 µg / ml) selection, the efficiency of ATF3 knockdown in the resultant two cell lines was 

assessed using whole-cell extracts from these cell lines on Western blotting in the presence or absence of 24 hours 

of HCoV-229E (MOI of 1) infection. The parental cell line was used as a reference control. 

(B) For a second attempt to knockdown ATF3 using the lentivirus transduction system, parental Huh7 cells were 

individually infected with six lentiviral populations targeting diverse regions in the sequence of ATF3 (details and 

sequences are in the materials and methods sections).  After multiple passages under puromycin selection (1 µg / 

ml), the efficiency of ATF3 knockdown in the resultant six cell lines was then assessed using whole cell extracts 

from these cell lines on Western blotting in the presence or absence of 24 hours of HCoV-229E (MOI of 1) 

infection. The cell line infected with Lentivirus-sgRNA3 was selected for further experimentation.  Lentiviruses 

carrying no sgRNA insert were used as a reference control (Lentivirus-Empty-Vector, EV).  

Antibodies against β-actin were used as a loading control. 

 

Further analysis using western blot and plaque assay of the stable ATF3 knockdown cell line indicated 

no changes in the levels of the investigated viral and host proteins nor in the levels of the viral titer (Fig. 

46).  

 

Figure 46: Analysis of the effects of CRISPR-CAS-9 engineered ATF3 knockdown cell line on the 

ER stress response and the replication of HCoV-229E.   
Huh7 cells with CRISPR-CAS-9 engineered ATF3 knockdown (Lentivirus-sgRNA3) or the Lentivirus-Empty-

Vector control cell line were left untreated, infected with HCoV-229E (MOI of 1), treated with 1 µM of 

thapsigargin for 24 hours or infected and treated simultaneously. Thereafter, total cell extracts using the special 

lysis buffer were prepared and analyzed via Western blotting. Supernatants from infected conditions were used for 

plaque assay. 
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(A) Representative immunoblot showing the detection of the indicated host and viral proteins of one out of two 

biological replicas. 

(B) Corresponding protein levels from (A) were quantified from the two independent biological replicas relative 

to the untreated/uninfected control of the empty vector cell line. Antibodies against β-actin were used as a loading 

control.  

(C) Supernatants from the two biological replicas shown in (B) were used to determine the production of infectious 

viral particles by plaque assay. The Y-axis shows plaque-forming units per milliliter (pfu /ml).  

 

The data above indicated no phenotypic role of this transcription factor in the replication of HCoV-229E 

or thapsigargin- or viruse-induced effects on PERK, IRE1α or BiP levels in Huh7 cells under the 

indicated conditions and left the question open of whether an alternative method of investigation can 

reveal a functional involvement of this factor which will be the topic of the next chapter.  

4.4 The interactome of major UPR effectors 

ER stress pathways are effectuated through the activation of multiple cascades of signaling and genetic 

programs that involve extensive transient or prolonged protein-protein interactions at the up- and 

downstream levels of these pathways. Viral infections can significantly alter the landscape of protein-

protein interactions either because of an anti-viral mechanism, global effects on protein expression (such 

as the translational shutdown) or as a specific exploitation of these pathways by the virus to foster its 

replicative cycle.  

To determine putative interactors of major ER stress sensors PERK and IRE1α and the up- and down-

stream effectors, BiP and ATF3 in the context of HCoV-229E infection, a biotinylation assay approach 

named BioID was utilized (Sears, May, and Roux 2019). The assay depends on generating a chimeric 

protein consisting of a biotin ligase part and a protein of interest (bait) part. The chimeric protein is 

generated through cloning the DNA sequence of the bait protein next to the DNA sequence of the ligase, 

either on the C- or on the N- terminal side, in an appropriate expression vector. After transfecting the 

resultant expression vector in a suitable  model (in cells or organisms), if expressed and folded correctly 

the interactions and behavior of this chimeric protein should mimic those of the endogenous one. 

Interactors that come within a defined distance to this chimeric protein will be labeled with exogenous 

biotin. Given the uncommonness of biotin as an endogenous protein modification, these proteins can be 

enriched for by pulling them down and then analyzed using Western blotting or mass spectrometry (Fig. 

47 A). The advantage of this method is to capture a snapshot of interactions that occur only transiently, 

at low frequency, substoichiometrically, with low affinity, or in insoluble cellular comparments (Sears, 

May, and Roux 2019). 

Multiple options are available to be used as a biotin ligase for this method. For instance, BirA biotin 

ligase derived from Escherichia coli or the smaller, genetically engereed (humanized) biotin ligase 

derived from A. aeolicus capable of biotinlayting lysine residues on an acceptor peptide (D. I. Kim et 

al. 2016). Several limitations of BirA have been described that include temperature sensitivity, varying 
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biotinylation efficiency dependening on cellular compartment and slow kinetic activities. To overcome 

these limitations, a directed evolution approach was implemented by Bannon et al to produce a smaller, 

faster, and more efficient version called miniTurbo (Branon et al. 2018; Mair et al. 2019). The expression 

vectors designed for expressing the chimeric proteins with their respective ligase are schematically 

represented in figure 47 B. 

 

 

Figure 47:  Revealing the interactomes of major ER stress factors using proximity-based 

biotinylation labelling strategies.   

(A) Schematic representation of chimeric proteins consisting of major ER stress factors attached to them a biotin 

ligase. Increasing the intracellular biotin levels by addition of exogenous biotin will promote the ligase to 

biotinylate proteins coming in close contact within a radius of approximately 10 nm of the chimeric protein. This 

radius might be affected by the length of a linker peptide sequence between bait and biotin ligase. The stable biotin 

modification can then be used to purify or visualize proteins by adding streptavidin conjugates.   

(B) Schematic representation of the two plasmid vectors used to express the chimeric proteins where the bait 

(protein of interest) cDNA will be ligated into the plasmid next to a tag (MYC or HA peptide sequences) and a 

biotin ligase (in this case, either BirA or miniTurbo). The expression of both of these constructs is under tet-on 

system control.  

 

Both of these vectors contain a tetracycline-on (tet-on) system. Hence, the expression of these constructs 

is regulated by the addition of tetracycline or its derivative doxycycline. The tet-on system contains rtTA 

(reverse tetracycline-controlled trans-activator) which is an engineered construct that consists of a 

mutated tetracycline repressor (tetR) fused to it the transcriptional activation domain of the virion protein 

16 (VP16). The binding of tetracycline (or doxycycline) to the mutated tetR results in the binding of the 

rtTA to the promoter and the activation of gene expression (Gossen et al. 1995).  
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In this study, the two biotin ligases (BirA and miniTurbo) were used and the resultant chimeric proteins 

were characterized and tested under multiple experimental conditions. The results are shown in the 

subsequent sections.  

4.4.1 Characterization of BirA and miniTurbo constructs  

 

The first step was to characterize the pTet-on_Puro_Myc-BirA (referred to interchangeably as Myc-

BirA or BirA) constructs. For this purpose, the cDNAs of PERK, BiP, IRE1α, or ATF3 were (separately) 

ligated into the Myc-BirA vector (see Methods section for more details). The resultant new vectors were 

used to transiently transfect parental Huh7 cells using the calcium phosphate method. Whole-cell 

extracts from these transfected cells were then analyzed on Western blot. The analysis indicated that all 

the chimeric proteins were expressed when the vectors were induced with 1 µg/ml of doxycycline for 

24 hours. Expectedly, the bands corresponding to the chimeric proteins were migrating slower (i.e. at a 

higher molecular weight) than the corresponding endogenous protein bands. The MYC tag bands were 

detectable on the blot (using anti-myc antibodies) for all of the constructs except for Myc-BirA-PERK. 

This can be possibly explained because of the three-dimensional folding of the chimeric protein that 

might have masked the tag polypeptide (Fig. 48). 
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Figure 48:  Expression of Myc-BirA-Empty-Vector and Myc-BirA- PERK, -BiP, -IRE1α, -ATF3 

constructs. 
Parental Huh7 cells transiently transfected with BirA-Empty-Vector (ligase only) and BirA- PERK, -BiP, -IRE1α, 

-ATF3 using the calcium phosphate method. 1 µg/ml of doxycycline was added immediately after the transfection 

to induce the expression of these constructs for 24 hours at 37ºC. Whole-cell extracts from these cells using the 

special lysis buffer were then analyzed on a Western blot using the indicated antibodies (on the left). Labeling on 

the right indicates constructs/proteins detected. Antibodies against β-actin were used as a loading control. 

 

With the expression of the four chimeric proteins shown in figure 48 being confirmed, the next step was 

to assess their biotinylation efficacy in Huh7 cells at normal cell culturing temperature (37ºC). 

After transfecting parental Huh7 cells with the vectors BirA-BiP, -ATF3, -IRE1α, –PERK or the empty 

vector control (expressing only BirA ligase) using calcium phosphate, cells were immediately induced 

with doxycycline along with exogenous biotin (50 µM) addition for 24 hours (D+, B+). As a control for 

leaky expression of the constructs, additional transfected cells (for each construct) were left without 

doxycycline induction after transfection (D-, B+). Thereafter, the BioID protocol as described by Roux 
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et al was followed (details in Methods, (Roux et al. 2012)), and pulled down proteins with streptavidin 

beads were compared to whole-cell extracts lysate on Western blot.  

In the D+, B+ conditions, the streptavidin-horseradish peroxidase conjugates revealed a smear pattern 

in the lane corresponding to the BirA-EV (ligase only control) transfected cells, indicating random 

biotinylation of cellular proteins by the ligase. The lane also showed a relatively big band in the region 

of 34 kDa most likely corresponding to auto-biotinylation of the ligase itself. On the other hand, D+, B+ 

lanes corresponding to cells transfected with BirA-BiP, -ATF3, -IRE1α, or –PERK showed a varying 

degree of smear intensities and auto-biotinylation bands. Contrary, in the D-, B+ conditions, all lanes 

displayed a strong reduction in the smear intensities (Fig. 49 A).  

Silver staining of SDS gels is a sensitive method to visualize and assess the abundance of proteins and 

suitability to send them to mass spectrometry after a pulldown protocol, such as the BioID. Under the 

same conditions and expression vectors described above, corresponding gels were stained with silver 

nitrate. The smear patterns intensities seen in the streptavidin blots were reduced and in many instances, 

they were indistinguishable from the D-, B+ control level. On the other hand, the prominent bands 

thought to be corresponding to each of the expressed chimeric proteins auto-biotinalytion remained 

visible (Fig. 49 B).   
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Figure 49: Biotinylation efficiency of Myc-BirA-EV (ligase only) and Myc-BirA-PERK, -BiP, -

IRE1α, -ATF3 fusion proteins. 
Parental Huh7 cells were transfected with vectors Myc-BirA-EV (ligase only) and Myc-BirA-PERK, -BiP, -

IRE1α, -ATF3 using calcium phosphates methods. The expression of the vectors was induced by adding 1 µg/ml 

of doxycycline (D+) to indicated conditions. 50 μM of exogenous biotin (B+) was added to all conditions. Cells 

were then incubated at 37ºC for 24 hours. BioID protocol (using BioID lysis buffer) as described in the methods 

(adapted from Roux et al. 2012) was then followed to obtain lysate and pulled down proteins.  

 

(A) 1% of whole-cell extracts (lysate) were compared to 25% of pulled down proteins on a Western blot using 

HRP-Conjugated streptavidin or (B) on SDS gels using silver staining (details in the Methods section). For both 

(A) and (B), right half of the figure corresponds to cells transfected with Myc-BirA-BiP and –ATF3, while the left 

half represents cells transfected with Myc-BirA-IRE1α and –PERK. In both panels, lanes corresponding to empty 

vector control expressing only BirA ligase with doxycycline or BirA + bait without doxycycline induction were 

used as reference controls. 
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The levels of protein smear intestines observed on the silver staining between BirA-Bait with D+, B+ 

and BirA-Bait with D-, B+ conditions were comparable for all tested chimeric constructs. Given this 

observation, further investigation of the suitability and efficacy of this biotin ligase to biotinylate 

interactors was needed. Therefore, a series of experiments were performed to assess and compare BirA 

performance to the mutated, smaller and newer version miniTurbo.  

For this purpose, the cDNAs of ATF3 and PERK were cloned into the pTet-on_Puro_HA-miniTurbo 

(referred to interchangeably as -HA-mTb or miniTurbo) vector. Thereafter, a three-pair comparison of 

BirA vs miniTurbo ligases (empty vectors), BirA-ATF3 vs miniTurbo-ATF3, or BirA-PERK vs 

miniTurbo-PERK at two different temperatures, namely 33ºC vs 37ºC was carried out. This was done 

by transfecting parental Huh7 cells with these constructs using calcium phosphate. Thereafter, all 

conditions received 50 µM of exogenous biotin for 24 hours. Induction with 24 hours of doxycycline 

was either included or omitted for the same condition as control. Untransfected cells were used as an 

additional control. Cells were then lysed (BioID protocol lysis buffer) and whole-cell extracts were 

analyzed on Western blot.  

In doxycycline-induced conditions, lanes in streptavidin blot corresponding to cells transfected with 

miniTurbo ligase (empty vector) or miniTurbo-ATF3 revealed strong biotinylation patterns when 

compared to BirA ligase (empty vector) or BirA-ATF3 at both temperatures (Fig. 50 A). Both BirA 

ligase and BirA-ATF3 performed very poorly at 33 ºC.  Noticeably, when induced with doxycycline, 

the chimeric BirA-ATF3 construct was expressed to levels comparable or higher than that of the 

miniTurbo-ATF3 construct at both temperatures (Fig. 50 A & C). This pointed out the reduced 

efficiency of biotinylation of the BirA fusion proteins rather than suboptimal expression levels as 

primary cause for the inefficient biotinylation. Lanes in the MYC tag and ATF3 antibodies blots 

corresponding to cells transfected with BirA-ATF3 without doxycycline induction (D-) revealed a faint 

band of the chimeric protein indicating a leaky expression of this construct. No leaky expression band 

was observed for the miniTurbo-ATF3 construct on either the HA tag or ATF3 antibodies blots (Fig. 50 

B & C). 
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Figure 50:  Biotinylation efficiency of miniTurbo-ATF3 construct is superior to that of BirA-ATF3 

construct at 33°C and 37°C.  
Huh7 cells were left without transfection or transfected with plasmids carrying either miniTurbo-ATF3, miniTurbo 

ligase (empty vector, EV), BirA-ATF3, or BirA ligase (empty vector, EV) constructs using the calcium phosphate 

method in two identical groups where each group contained 10 conditions. All conditions received 50 µM of 

exogenous biotin while induction with doxycycline was either included or omitted for the same condition. 

Doxycycline induction and biotin treatment were carried out immediately after the end of the transfection protocol. 

Groups were then incubated for further 24 hours at either 33ºC or 37ºC.  Cells were then harvested and whole-cell 

extracts (using BioID lysis buffer) were subjected to western blot analysis. No pulldown was carried out. -HA-

mTb: miniTurbo 

 

(A) Streptavidin-HRP blot (left) with black arrows pointing to indicated constructs. CBB staining (right) of the 

same blot was used as a loading control. 
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(B) HA (left) and MYC (right) antibodies blots with black arrows pointing to indicated constructs.  

(C) ATF3 antibodies blot (left). β-actin antibodies (right) were used to validate equal loading. 

 

The same approach was then followed for PERK constructs. Streptavidin-HRP blots of lysates from 

Huh7 cells transfected with the BirA and the miniTurbo vectors recapitulated the same strong 

differences between the performances of the two ligases at either temperatures. On the other hand, with 

doxycycline induction, biotinylation efficiency of the miniTurbo-PERK was strongly reduced when 

compared to the miniTurbo ligase (empty vector) at 37ºC. The biotinylation efficiency of the miniTurbo-

PERK almost completely diminished to the levels of the non-induced control at 33ºC. This pointed out 

the temperature sensitivity of this particular construct.  

Doxycycline-induced Myc-BirA-PERK did not show any prominent auto-biotinylation band in the 

streptavidin-HRP blot at either temperature. At 37ºC degrees, the doxycycline-induced and non-induced 

miniTurbo-PERK construct showed auto-biotinylation bands, with the latter (the leaky band) being very 

faint. Both of these bands were strongly reduced at 33ºC degrees. The effect of temperature on the 

expression of BirA- and miniTurbo- PERK constructs induced with doxycycline can be seen on the 

PERK antibodies blot. In there, band levels corresponding to both constructs were strongly reduced at 

33ºC when compared to 37ºC. Neither of the HA or MYC tags antibodies blots showed any band 

corresponding to their respective -PERK constructs with or without doxycycline induction (Fig. 51 A, 

B & C).  
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Figure 51:  Biotinlaytion efficiency of miniTurbo-PERK construct is superior to that of MYC-

BirA-PERK construct at 37 °C.  
Huh7 cells were left without transfection or transfected with plasmids carrying either miniTurbo-PERK, 

miniTurbo ligase (empty vector, EV), BirA-PERK, or BirA ligase (empty vector, EV) constructs using the calcium 

phosphate method. The rest of treatments and conditions are the same as in figure 50.  

 

(A) Streptavidin-HRP blot (left) with black arrows pointing to indicated constructs. CBB staining (right) of the 

same blot was used as a loading control. 

(B) HA (left) and MYC (right) antibodies blots with black arrows pointing to indicated constructs.  

(C) PERK antibodies blot (left). β-actin antibodies blot (right) was used as a loading control. 
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The data above indicated much better performance of all miniTurbo constructs over the BirA constructs 

in both tested temperatures. It also pointed out that the miniTurbo constructs biotinylation efficiency 

can be bait- and temperature-dependent as exemplified by the miniTurbo-PERK construct.  

Given that all miniTurbo constructs over-performed the BirA ones at both tested temperatures, it was 

only logical to exclude the latter from further optimization and experimentation. Furthermore, the 

HCoV-229E optimal replication temperature in cell culture is 33ºC, therefore, this temperature was 

chosen for subsequent experiments.  

The next step of the optimization process was to compare the miniTurbo constructs expression and 

biotinylation levels at 33ºC as a function of doxycycline concentration. For this purpose, Huh7 cells 

transfected with the miniTurbo ligase (empty vector, EV), miniTurbo-ATF3 and miniTurbo-PERK 

constructs (as previously described) were treated with increasing concentrations of doxycycline for 24 

hours. All conditions were treated with 50 μM exogenous biotin for 24 hours except for one (B–) control 

condition for each construct. These control conditions were induced with 1 µg/ml of doxycycline. Cells 

were then harvested and whole-cell extracts using BioID lysis buffer were analyzed using Western 

blotting. 

Streptavidin-HRP blots indicated biotinylation levels of the constructs auto-biotinylation bands that are 

increasing in intensity as a function of doxycycline concentration in the presence of exogenous biotin. 

This was observed for all constructs except miniTurbo-PERK. Control conditions induced with the 

highest concentration of doxycycline but lacking exogenous biotin did not show any protein smear or 

prominent bands in the Streptavidin-HRP blot.  The miniTurbo-PERK construct biotinylation levels at 

any given doxycycline concentration were comparable to the non-induced or no biotin controls while a 

faint band corresponding to auto-biotinylation of this construct can be observed at the two highest 

concentrations of doxycycline (Fig. 52 A).  

Both PERK and ATF3 antibodies blots showed a doxycycline-dependent increase in the level of the 

induced chimeric proteins. In the control lanes induced with doxycycline but without biotin addition, 

bands of the chimeric proteins were migrating slightly faster (i.e. at lower molecular weight marker) 

indicating the lack of auto-biotinylation in the absence of exogenous biotin. The HA tag antibodies blot 

showed the same doxycycline-depended increase in the levels of the miniTurbo ligase only construct 

(empty vector control) and the miniTurbo-ATF3 construct while the miniTurbo-PERK construct was 

not detectable (Fig. 52 B & C).   
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Figure 52: Biotinylation levels of miniTurbo constructs at 33 °C are doxycycline concentration 

dependent.  
Parental Huh7 cells were transfected with plasmids carrying either miniTurbo-ATF3, miniTurbo-PERK, or 

miniTurbo ligase only (empty vector, EV) as previously described. Thereafter, transfected cells were treated with 

increasing doses of doxycycline as indicated along with 50 μM exogenous biotin and further incubated at 33 ºC 

for 24 hours. As a control, cells transfected with each of the aforementioned constructs were induced with 1 µg/ml 

of doxycycline but left without the biotin treatment. Whole-cell extracts (using BioID lysis buffer) were then 

subjected to western blot analysis. The experiment was performed as two independent biological replicas. -HA-

mTb: miniTurbo 

(A) Streptavidin-HRP blot with black arrows pointing to indicated constructs (left). CBB staining of the same blot 

as a loading control (right).  

(B) HA-tag antibodies blot with black arrows pointing to indicated constructs.  

(C) Anti-PERK, -ATF3 and –β-actin (as a loading control) antibodies blots (left to right).  

 

With these optimization results in mind, the next step was to perform pulldown experiments with these 

chimeric constructs with or without HCoV-229E infection.  

Parental Huh7 cells were transfected with either the miniTurbo ligase only or the miniTurbo-PERK 

using the calcium phosphate transfection method. Transfected cells were then treated with biotin, 

induced with doxycycline, and either infected with HCoV-229E (24 hours at MOI of 1) or left 

uninfected. As a control, cells transfected with miniTurbo-PERK were left either without doxycycline 

induction or without exogenous biotin addition. The adapted BioID protocol, as described by Roux et al 

(see Methods section) was then followed to obtain lysates and to purify biotin-tagged proteins. 25% of 

the pulldown was compared to 1% whole-cell extracts lysates on Western blot. The streptavidin blot 

indicated the usual strong smear associated with random biotinylation of host proteins by the miniTurbo 

ligase only (empty vector control) construct in both the lysate and the pulldown lanes. While, expectedly, 

the miniTurbo-PERK construct showed a strongly reduced biotinylation pattern, almost at the level of 

the controls lacking doxycycline induction or the exogenous biotin addition. The miniTurbo-PERK 

construct showed a faint band corresponding to the auto-biotinylation of this construct. Noticeably, the 

blot of pulled down proteins probed with anti-PERK antibody showed a band in the lanes corresponding 

to the miniTurbo ligase (empty vector control). This observation indicates a (non-specific?) interaction 

between this ligase and the endogenous PERK. The silver staining of SDS gel loaded with 25% of the 

pulldown recapitulated the same patterns seen in the streptavidin-HRP blot (Fig. 53). 
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Figure 53: Pulldown of biotinylated proteins by miniTurbo-PERK or miniTurbo ligase only in the 

presence or absence of HCoV-229E infection. 
Parental Huh7 cells were transfected with plasmids carrying either miniTurbo-PERK or miniTurbo ligase only 

(empty vector, EV) constructs using the calcium phosphate method followed by doxycycline induction (1 µg/ml) 

and exogenous biotin treatment (50 μM). As control conditions, cells transfected with miniTurbo-PERK were left 

either without the doxycycline induction but with exogenous biotin addition or vice versa (as indicated in the 

legends). An identical set of conditions (control and experimental) were infected with MOI of 1 of HCoV-229E. 

All cells were then incubated for further 24 hours at 33ºC. Cells were then harvested and subjected to BioID 

protocol (see methods section) to obtain lysates and pulled down proteins and then subjected to Western blotting 

and SDS sliver staining. -HA-mTb: miniTurbo. 

 

A) Streptavidin blot (left). CBB staining of the same blot as a loading control (right). 

B) Sliver staining of 25% of pulled down proteins loaded on SDS gel.  

C) Anti-PERK antibodies blot. 

Black arrows are pointing to the indicated constructs. 

 

The same methodology and conditions described in figure 53 were applied to the miniTurbo-ATF3 

construct. The streptavidin blot showed the smear patterns associated with the biotinylation of host 

proteins by miniTurbo ligase only and miniTurbo-ATF3 constructs. The intensities of these patterns 

were well above the control conditions and can be observed in both the lysate and the pulldown lanes. 
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The corresponding silver stating of SDS gel recapitulated the same patterns seen in the streptavidin-

HRP blot. The ATF3 antibodies blot of pulled down proteins showed bands of the chimeric miniTurbo-

ATF3 protein in the expected conditions / lanes (Fig. 54 A, B & C).  

   

Figure 54: Pulldown of biotinylated proteins by miniTurbo-ATF3 or miniTurbo ligase only in the 

presence or absence of HCoV-229E infection. 
Same procedure and conditions as in figure 53 but using miniTurbo-ATF3. 

 

A) Streptavidin blot. CBB staining of the same blot as a loading control (right). 

B) Sliver staining of 25% of pulled down proteins loaded on SDS gel.  

C) Anti-ATF3 antibodies blot. 

Black arrows pointing to indicated constructs. 

 

Taken together, the optimization and the pulldown data made a strong argument to exclude the 

miniTurbo-PERK construct from further experimentation in the context of HCoV-229E infection (at 

33ºC) and focus on the miniTurbo-ATF3 construct for more in-depth analysis of the ATF3 interactome 

using mass spectrometry. 
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4.4.2 The proximity-based  interactome of ATF3 in the context of HCoV-229E infection 

 

Under the same, optimized experimental and control conditions described in figure 54, samples from 

three biologically independent replicas were harvested, subjected to BioID protocol, and thereafter 

pulled down proteins were sent to mass spectrometry analysis.  Raw data obtained from these samples 

were initially processed using MaxQaunt and lists of expressed proteins and their relative abundancies 

in each sample were generated. These lists were then subjected to different statistical analysis methods 

available in Perseus including calculating p-values and fold changes to obtain lists of differentially 

enriched proteins (DEPs). The lists of DEPs were then visualized as pairwise comparisons using volcano 

plots. To control for the success of the protocol in pulling down proteins biotinylated by the miniTurbo-

ATF3 construct multiple comparisons were carried out (Fig. 55). For the sake of simplicity, a list of 

abbreviations for conditions and vectors is included in table 2. 

Abbreviation Explanation 

ATF3 Indicates Huh7 cells transfected with miniTurbo-ATF3. 

EV Indicates Huh7 cells transfected with miniTurbo ligase only (empty vector). 

V HCoV-229E (MOI of 1, 24 hours). 

B Biotin 

D Doxycycline 

+ Addition 

- Omission 

Table 2: List of abbreviations used in this section 

To help the reader in following the upcoming text, list of conditions has been delineated in table 3. 

Type of condition Name abbreviation of the condition (see table 2)  

Additional negative control for non-specific 

binders (omission of either doxycycline or 

biotin) 

ATF3 D-B+ 

ATF3 D+B- 

ATF3 V+D-B+ 

ATF3 V+D+B- 

Specific ATF3 interactomes  ATF3 D+B+ 

ATF3 V+D+B+ 

Main negative control for nonspecific binders 

(empty vector control) 

EV D+B+ 

EV V+D+B+ 

Table 3: List of conditions used in the interactome experiment 

Expectedly, ATF3 D+B+ showed massive enrichment of DEPs when compared to the negative control 

conditions of ATF3 D-B+ or ATF3 D+B-. Similar results can be seen when the same set of comparisons 

were made for conditions that included the virus infection (i.e. for ATF3 V+D+B+ vs its corresponding 

negative controls).  Comparing the negative control conditions among themselves (i.e. ATF3 D-B+ vs 
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ATF3 D+B-) showed substantial enrichment of proteins in the condition lacking doxycycline induction 

but with exogenous biotin addition (D+ B-).  The same pattern can be observed for the negative control 

conditions infected with the virus. The comparisons among the negative control conditions indicated 

that in the presence of exogenous biotin, leaky expression of the construct or biotinylation by 

endogenous biotin ligases is sufficient to produce some DEPs, which emphasizes the importance of both 

of these negative controls (Fig. 55 A). 

On the other hand, the comparisons between the experimental conditions themselves and between the 

experimental conditions and their respective empty vector controls (i.e. with or without the virus 

infection) indicated a relatively equal enrichment of DEPs. The ATF3 D+B+ comparison to the EV 

D+B+ showed ATF3 and multiple of its well-known interactors (e.g. JUND, TP53) to be amongst the 

most enriched DEPs.  The ATF3 V+D+B+ comparison to the EV V+D+B+ revealed enrichment of all 

viral proteins in the ligase-only (EV) construct.  Contrary, the ATF3 D+B+ vs  ATF3 V+D+B+ 

comparison displayed fewer DEPs and showed an enrichment of the viral proteins in the ATF3 V+D+B+ 

condition, indicating the importance of having EV V+D+B+ as an additional reference condition (Fig. 

55 B).  
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Figure 55: Volcano plot representations of all mass spectrometry data to identify proteins 

enriched with the miniTurbo-ATF3 fusion protein. 
Total cell extracts from Huh7 cells transfected with the indicated constructs, treatments and infection conditions 

were analyzed by LC-MS/MS. The intensities of the majority protein IDs identified were used for all further 

analyses. In case no protein intensity was measured, an imputation strategy was implemented (see methods) in 

order to facilitate the calculation of enrichment values (ratios) between pairs of the conditions. Volcano plots 

indicate the distribution of mean ratios (differences) derived from pairwise comparisons on the x-axis and the 

significance of these changes (p values) at the y-axis. For each condition, three independent biological replicas 

and two technical measurements were carried out and subsequently, p values were calculated using Student’s t-

tests from the means of the technical measurements. The reference is always shown in the left half of the graph. 

Differentially enriched proteins (DEPs) were defined based on a ratio > 0 and p value of −log10 (p) ≥ 1.3. Total 

number of proteins found amounted to 5788. Number of uncovered DEPs is indicated in each volcano plot next to 

the stated conditions.   

 

(A) Comparisons among the negative control conditions with or without infection upper and lower panels 

respectively. 

(B) Comparisons among experimental conditions and empty vector (EV) control conditions with or without 

infection as indicated. 

Purple dots indicate HCoV-229E viral proteins. Well-known interactors of ATF3 (as identified by co-

immunoprecipitation in previous studies) are indicated as brown dots with their names next to them.  
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A closer look at the top 50 DEPs from both ATF3 D+B+ and ATF3 V+D+B+  showed several DEPs 

in common including Lipase E, hormone Sensitive type (LIPE), chaperon proteins (DNAJB1 & 

DNAJB4), and interferon regulatory factors (IRF2BPL & IRF2BP2) (see blue arrows in Fig. 56 A & 

B).  

Nevertheless, many DEPs were unique to each of these conditions. Venn diagram analysis revealed 

that the two conditions shared 34 DEPs, while ATF3 V+D+B+ had 150 unique DEPs and ATF3 D+B+ 

had 88. Interestingly, CEBPD, a bZIP transcription factor heavily involved in the regulation of 

multiple genes related to immune and inflammatory responses, was found to be the most enriched 

DEP in ATF3 V+D+B+ unique top 50 list (Fig. 56 A & B).  
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Figure 56:  miniTurbo-ATF3 interacts with a variety of transcriptional regulators and factors, 

including those involved in immune response and inflammation.   

(A) Heatmaps generated using mean intensity ratios of the top 50 enriched proteins of ATF3 D+B+, ATF3 

V+D+B+ compared to their respective empty vector control (EV). Blue arrows indicate interactors in-common 

between the two conditions. 

(B) Upper, the top 50 unique DEPs in the ATF3 V+D+B+ condition were displayed as a heatmap. Lower, Venn 

diagram showing common vs unique DEPs between the two lists in (A). 

DEPs, ratio> 0, p values (purple color) of −log10 (p) ≥ 1.3.  
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An important additional layer of analysis was to study the DEPs on the level of protein-protein 

interactions and networks, and in terms of their subcellular localization. For this purpose, the top DEPs 

from each of the comparisons shown in figure 55 B were analyzed using the STRING database (version 

11.5) (Szklarczyk et al. 2019) and the Cytoscape software (version 3.8.0 or 3.9.1). The STRING 

application embedded in Cytoscape were used to visualize the networks and their annotations.  

In the EV D+ B+ vs ATF3 D+B+ comparison the top 100 DEPs in the ATF3 D+B+ (defined by DEPs, 

ratio> 0, p-values of −log10 (p) ≥ 1.3) condition showed a strongly interconnected main network, smaller 

sub-networks, and multiple unconnected individual nodes. These proteins localized to the nucleus as 

seen by GO cellular component terms and their corresponding FDR values. On the other hand, the top 

100 enriched DEPs in the EV D+B+ condition did not show any GO cellular component terms (or others) 

that are related to the nucleus indicating a correct localization of the miniTurbo-ATF3 (Fig. 57). 
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Figure 57: Compared to EV D+B the interactors of ATF3 D+B+ fusion protein predominantly 

localize to the nucleus and are partially engaged in known physical or functional protein: protein 

interaction (PPI) networks.  
The top 100 DEPs from the ATF3 D+B+ (lower) or from the EV D+B+ (upper) conditions were used as inputs to 

the STRING database to look for protein-protein interactions based on experimental evidence, co-expression, and 

confidence. Networks (and individual nodes) were then imported to Cytoscape for functional enrichment analysis 
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and visualization. Proteins belonging to GO cellular component terms of Nucleoplasm, Nuclear lumen, and 

Nucleus were highlighted using red, green, or orange respectively. None of these GO terms were found in the 

functional enrichment analysis of the top DEPs of the EV D+B+ condition. Both networks were constructed based 

on experimental evidence and combined score. Both networks have 0.4 STRING score. The ATF3 D+B+ (lower) 

network has the following statstics: number of nodes (DEPs): 99, number of edges: 231, statistical significance of 

enrichment of Protein: Protein Interactions (PPI) by p value: 1.0E-16. The EV D+B+ (upper) network has the 

following statstics: number of nodes (nout DEPs): 100, number of edges: 83, PPI: 3.11E-12. 

 

 

The same network and functional enrichment analysis were carried out for the infected conditions. The 

analysis of the top 100 DEPs in the ATF3 V+D+B+ and EV V+D+B+ conditions recapitulated the same 

pattern of proteins localization seen in the uninfected conditions (Fig. 58). 
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Figure 58: Compared to EV V+D+B+,  DEPs from the ATF3 V+D+B+ condition overwhelmingly 

localize to the nucleus. 
Same analysis described in figure 57 was implemented for top 100 DEPs in the ATF3 V+D+B+ (Right) or EV 

V+D+B+ (Left) conditions. Both networks were constructed based on experimental evidence and combined score. 

Both networks have 0.4 STRING score. The ATF3 V+D+B+ (lower) network has the following statstics: number 

of nodes (DEPs): 100, number of edges: 128, statistical significance of enrichment of Protein: Protein Interactions 

EV V+D+B+ vs ATF3 V+D+B+
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(PPI) by p value: 1.0E-16. The EV V+D+B+ (upper) network has the following statstics: number of nodes (DEPs): 

100, number of edges: 62, PPI: 7.18E-7. 

 

For the ATF3 D+B+ vs ATF3 V+D+B+ comparison, the top DEPs in the ATF3 V+D+B+ condition 

showed a strong enrichment of GO cellular component terms related to the mitochondria (Fig. 59). This 

enrichment might indicate a translocation of ATF3 to the mitochondria upon virus infection.  

 

Figure 59: In the ATF3 D+B+ vs ATF3 V+D+B+ comparison, DEPs enriched in the latter 

condition showed a strong localization to the mitochondria. 
The same analysis described in figure 57 was implemented for all non-viral DEPs in the ATF3 V+D+B+ 

(compared to ATF3 D+B+). Proteins belonging to GO cellular component terms of mitochondrial matrix or 

mitochondria were highlighted by blue and pink colors of the node borders, respectively. Network was constructed 

based on experimental evidence and combined score and has a 0.4 STRING score with the following statistics: 

number of nodes (DEPs): 44, number of edges: 46, protein: protein Interaction Enrichment (PPI): 1.0E-16.  

 

Network and functional enrichment analysis of protein-protein interactions using STRING database in 

Cytoscape of the top 100 (out of 150) DEPs unique to the ATF3 V+D+B+ condition showed a strongly 

interconnected main network, smaller sub-networks, and multiple individual nodes. GO cellular 

component terms with the highest enrichment revealed a strong chromatin and mitochondrial 

localization of these proteins (Fig. 60). 
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Figure 60: Top 100 DEPs of the ATF3 V+D+B+ unique list showed strong localization to the 

mitochondria. 
The same analysis described in figure 57 was implemented for the top 100 unique DEPs in the ATF3 V+D+B+ 

from figure 56 B. Proteins belonging to GO cellular component terms of Chromatin, mitochondrial matrix, or 

mitochondria were highlighted using purple, blue, and pink colors for node borders, respectively. Network was 

constructed based on experimental evidence and combined score and has a 0.4 STRING score with the following 

statistics: number of nodes (DEPs): 100, number of edges: 130, protein: protein Interaction Enrichment (PPI): 

1.0E-16. 

 

The full lists of DEPs from each of the experimental conditions were then analyzed using metascape 

databases to generate lists of enriched pathways. The lists of DEPs used were as follow; ATF3 D+B+ ( 

compared to EV D+B+ ) , ATF3 V+D+B+ ( compared to EV V+D+B+ ), ATF3 V+D+B+ (compared 

to ATF3 D+B+) and the unique list of DEPs from figure 56 B. The functional analysis of the ATF3 

D+B+ DEPs list revealed pathways connected to stress response, Metabolism of RNA, Response of 

EIF2AK4 (GCN2) to amino acid deficiency, and many translation-related pathways. Pathway terms 

enriched in the analysis of the DEPs from the ATF3 V+D+B+ showed a strong signature of chromatin 

and mitochondria-related processes including chromatin organization, chromatin modifying enzymes, 

Mitochondrial translation elongation. Interestingly, the term Thermogenesis, a biological process that 
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leads to the generation of thermal energy through the metabolism of fat tissue, was amongst the top 

enriched pathway in ATF3 V+D+B+ (Fig. 61).  

 

Figure 61: Top 40 enriched pathways mapping to DEPs from ATF3 D+B+ (compared to EV 

D+B+) (left) and ATF3 V+D+B+ (compared to EV V+D+B+) (right) revealed by Metascape 

analysis. 
Blue arrows point to indicated terms. 

 

Pathways enrichment analysis of the 150 DEPs unique to the ATF3 V+D+B+ (see figure 56 B) showed 

comparable enriched pathways to the analysis done with the list of DEPs from ATF3 V+D+B+ 

(compared to EV V+D+B+) in figure 61. Lastly, analysis of DEPs of the ATF3 V+D+B+ (compared to 

ATF3 D+B+) condition showed pathways mostly related to metabolism and mitochondria. This partially 

recapitulated some of the terms seen in the pathway analysis of the 150 DEPs unique to the ATF3 

V+D+B+, although with weaker q-values reflecting the lower number of DEPs in this condition (Fig. 

62).  

ATF3 D+B+ ATF3 V+D+B+

Term Description Log(q-value) in term in list

R-HSA-2262752 Cellular responses to stress -25.3 38 757

R-HSA-8953897 Cellular responses to stimuli -25.3 38 771

R-HSA-9010553 Regulation of expression of SLITs and ROBOs -18.8 20 171

R-HSA-8953854 Metabolism of RNA -17.9 30 673

R-HSA-376176 Signaling by ROBO receptors -16.9 20 218

R-HSA-9633012 Response of EIF2AK4 (GCN2) to amino acid deficiency -16.8 16 101

CORUM:306 Ribosome, cytoplasmic -15.0 14 80

GO:0002181 cytoplasmic translation -14.5 15 112

R-HSA-156902 Peptide chain elongation -14.5 14 89

R-HSA-192823 Viral mRNA Translation -14.5 14 89

WP477 Cytoplasmic ribosomal proteins -14.4 14 90

R-HSA-156842 Eukaryotic Translation Elongation -14.3 14 93

R-HSA-2408557 Selenocysteine synthesis -14.3 14 93

R-HSA-72764 Eukaryotic Translation Termination -14.3 14 93

R-HSA-6791226 Major pathway of rRNA processing in the nucleolus and cytosol -14.3 17 184

R-HSA-975956 Nonsense Mediated Decay (NMD) independent of the Exon Junction Complex (EJC) -14.3 14 95

R-HSA-168255 Influenza Infection -14.1 16 156

R-HSA-9711097 Cellular response to starvation -14.1 16 156

R-HSA-8868773 rRNA processing in the nucleus and cytosol -14.1 17 194

R-HSA-71291 Metabolism of amino acids and derivatives -14.1 21 374

R-HSA-72689 Formation of a pool of free 40S subunits -14.0 14 101

R-HSA-72312 rRNA processing -13.7 17 204

R-HSA-156827 L13a-mediated translational silencing of Ceruloplasmin expression -13.4 14 111

R-HSA-1799339 SRP-dependent cotranslational protein targeting to membrane -13.4 14 112

R-HSA-72706 GTP hydrolysis and joining of the 60S ribosomal subunit -13.4 14 112

R-HSA-927802 Nonsense-Mediated Decay (NMD) -13.3 14 115

R-HSA-975957 Nonsense Mediated Decay (NMD) enhanced by the Exon Junction Complex (EJC) -13.3 14 115

R-HSA-2408522 Selenoamino acid metabolism -13.1 14 118

R-HSA-72613 Eukaryotic Translation Initiation -13.1 14 119

R-HSA-72737 Cap-dependent Translation Initiation -13.1 14 119

hsa03010 Ribosome -12.8 15 158

CORUM:3055 Nop56p-associated pre-rRNA complex -12.4 13 104

R-HSA-168273 Influenza Viral RNA Transcription and Replication -12.4 14 135

R-HSA-450531 Regulation of mRNA stability by proteins that bind AU-rich elements -11.7 12 88

R-HSA-9675108 Nervous system development -11.6 22 577

GO:0043043 peptide biosynthetic process -11.0 18 359

R-HSA-422475 Axon guidance -11.0 21 552

R-HSA-450408 AUF1 (hnRNP D0) binds and destabilizes mRNA -10.7 10 56

GO:0006412 translation -10.5 17 332

CORUM:308 60S ribosomal subunit, cytoplasmic -9.7 9 47

Term Description Log(q-value) in term in list

GO:0006325 chromatin organization -10.4 26 569

WP4321 Thermogenesis -10.3 14 108

hsa00280 Valine, leucine and isoleucine degradation -10.3 11 48

R-HSA-8939243 RUNX1 interacts with co-factors whose precise effect on RUNX1 targets is not known -9.9 10 38

R-HSA-3247509 Chromatin modifying enzymes -9.4 18 274

R-HSA-4839726 Chromatin organization -9.4 18 274

WP4204 Tumor suppressor activity of SMARCB1 -9.0 9 33

CORUM:713 BRG1-SIN3A complex -8.6 7 14

CORUM:714 BRM-SIN3A complex -8.4 7 15

CORUM:555 BAF complex -8.1 6 9

hsa00071 Fatty acid degradation -8.0 9 43

CORUM:1239 EBAFb complex -7.9 6 10

CORUM:1252 EBAFa complex -7.9 6 10

CORUM:554 PBAF complex (Polybromo- and BAF containing complex) -7.9 6 10

CORUM:808 BRM-associated complex -7.9 6 10

GO:0016054 organic acid catabolic process -7.9 15 224

hsa04714 Thermogenesis -7.7 15 232

CORUM:806 BRM-SIN3A-HDAC complex -7.3 6 12

CORUM:189 BAF complex -7.0 6 13

GO:0044282 small molecule catabolic process -7.0 17 354

R-HSA-5389840 Mitochondrial translation elongation -6.8 10 87

R-HSA-5368287 Mitochondrial translation -6.5 10 93

R-HSA-2262752 Cellular responses to stress -6.5 23 757

CORUM:1251 BAF complex -6.4 5 8

CORUM:564 BAF complex -6.4 5 8

R-HSA-8953897 Cellular responses to stimuli -6.4 23 771

CORUM:1237 BAF complex -6.2 5 9

CORUM:1238 PBAF complex (Polybromo- and BAF containing complex) -6.2 5 9

CORUM:556 PBAF complex (Polybromo- and BAF containing complex) -6.2 5 9

CORUM:565 PBAF complex (Polybromo- and BAF containing complex) -6.2 5 9

CORUM:566 BAF complex -6.2 5 9

CORUM:710 Brg1-associated complex I -6.2 5 9

CORUM:711 Brm-associated complex -6.2 5 9

CORUM:807 BRG1-associated complex -6.2 5 9

CORUM:778 LARC complex (LCR-associated remodeling complex) -6.2 6 19

GO:0006337 nucleosome disassembly -6.2 6 19

GO:0031498 chromatin disassembly -6.2 6 19

GO:0006338 chromatin remodeling -6.2 14 267

GO:0046395 carboxylic acid catabolic process -6.2 13 220

CORUM:320 55S ribosome, mitochondrial -6.2 9 77
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Figure 62: Top 40 enriched pathways mapping to DEPs unique to the ATF3 V+D+B+ ( see figure 

56 B ) and ATF3 V+D+B+ ( compared to ATF3 D+B+ ) revealed by Metascape analysis. 
Blue arrows point to indicated terms. 

 

Overall, the bioinformatics analysis of the miniTurbo-ATF3 construct showed several known interactors 

of ATF3 and revealed new potential ones. The interaction of miniTurbo-ATF3 with several proteins 

localized in the mitochondria upon HCoV-229E infection might offer a new insight into the role of this 

factor in CoV replication. With this informaton in hand, functional follow up experiments can now be 

designed in future studies to confirm these new interactions by orthogonal methods (e.g. co-

immunoprecipitation, proximity ligation assays) during the virus-mediated up regulation of ATF3 and, 

as loss of ATF3 did not affect viral replication (Fig. 46), reveal their functional relevance for the host 

response.  

 

 

 

 

 

 

 

Term Description Log(q-value) in term in list

R-HSA-71406 Pyruvate metabolism and Citric Acid (TCA) cycle -5.1 6 55

R-HSA-72766 Translation -5.0 9 291

WP3925 Amino acid metabolism -4.2 6 91

R-HSA-1428517 The citric acid (TCA) cycle and respiratory electron transport -4.1 7 178

GO:0032543 mitochondrial translation -4.1 5 50

R-HSA-379726 Mitochondrial tRNA aminoacylation -3.9 4 21

hsa05230 Central carbon metabolism in cancer -3.5 5 70

R-HSA-70268 Pyruvate metabolism -3.3 4 31

hsa00640 Propanoate metabolism -3.3 4 32

GO:0140053 mitochondrial gene expression -3.3 5 82

GO:0006520 cellular amino acid metabolic process -3.2 7 276

GO:0006418 tRNA aminoacylation for protein translation -3.0 4 41

R-HSA-379724 tRNA Aminoacylation -3.0 4 42

GO:0043039 tRNA aminoacylation -2.9 4 44

GO:0043038 amino acid activation -2.9 4 45

GO:0043604 amide biosynthetic process -2.9 8 474

hsa00620 Pyruvate metabolism -2.9 4 47

GO:0006412 translation -2.9 7 332

GO:0006518 peptide metabolic process -2.9 8 489

GO:0043043 peptide biosynthetic process -2.7 7 359

GO:0043603 cellular amide metabolic process -2.5 9 750

hsa00970 Aminoacyl-tRNA biosynthesis -2.4 4 66

hsa00010 Glycolysis / Gluconeogenesis -2.4 4 67

R-HSA-9609507 Protein localization -2.2 5 163

GO:0072530 purine-containing compound transmembrane transport -2.2 3 24

GO:0051503 adenine nucleotide transport -2.0 3 27

GO:0015868 purine ribonucleotide transport -2.0 3 28

R-HSA-5389840 Mitochondrial translation elongation -2.0 4 87

GO:0015865 purine nucleotide transport -2.0 3 29

R-HSA-5368287 Mitochondrial translation -1.9 4 93

hsa00020 Citrate cycle (TCA cycle) -1.9 3 30

GO:0006099 tricarboxylic acid cycle -1.9 3 31

hsa04922 Glucagon signaling pathway -1.7 4 107

hsa04066 HIF-1 signaling pathway -1.7 4 109

GO:0006862 nucleotide transport -1.7 3 37

hsa01200 Carbon metabolism -1.6 4 115

R-HSA-425397 Transport of vitamins, nucleosides, and related molecules -1.5 3 43

WP534 Glycolysis and gluconeogenesis -1.5 3 45

GO:0007005 mitochondrion organization -1.5 6 418

hsa00270 Cysteine and methionine metabolism -1.4 3 50

Term Description Log(q-value) in term in list

hsa00280 Valine, leucine and isoleucine degradation -10.9 11 48

GO:0006325 chromatin organization -10.9 24 569

R-HSA-3247509 Chromatin modifying enzymes -9.6 17 274

R-HSA-4839726 Chromatin organization -9.6 17 274

WP4204 Tumor suppressor activity of SMARCB1 -9.6 9 33

R-HSA-8939243 RUNX1 interacts with co-factors whose precise effect on RUNX1 targets is not known -9.1 9 38

CORUM:713 BRG1-SIN3A complex -9.1 7 14

WP4321 Thermogenesis -9.1 12 108

CORUM:714 BRM-SIN3A complex -9.0 7 15

GO:0016054 organic acid catabolic process -8.9 15 224

hsa00071 Fatty acid degradation -8.8 9 43

CORUM:555 BAF complex -8.7 6 9

CORUM:1239 EBAFb complex -8.4 6 10

CORUM:1252 EBAFa complex -8.4 6 10

CORUM:554 PBAF complex (Polybromo- and BAF containing complex) -8.4 6 10

CORUM:808 BRM-associated complex -8.4 6 10

GO:0044282 small molecule catabolic process -8.4 17 354

CORUM:806 BRM-SIN3A-HDAC complex -7.8 6 12

R-HSA-5389840 Mitochondrial translation elongation -7.6 10 87

CORUM:189 BAF complex -7.6 6 13

R-HSA-5368287 Mitochondrial translation -7.4 10 93

GO:0006338 chromatin remodeling -7.1 14 267

GO:0046395 carboxylic acid catabolic process -7.0 13 220

GO:0006520 cellular amino acid metabolic process -6.9 14 276

CORUM:1251 BAF complex -6.9 5 8

CORUM:564 BAF complex -6.9 5 8

hsa04714 Thermogenesis -6.8 13 232

CORUM:320 55S ribosome, mitochondrial -6.8 9 77

R-HSA-3214858 RMTs methylate histone arginines -6.7 9 79

CORUM:1237 BAF complex -6.7 5 9

CORUM:1238 PBAF complex (Polybromo- and BAF containing complex) -6.7 5 9

CORUM:556 PBAF complex (Polybromo- and BAF containing complex) -6.7 5 9

CORUM:565 PBAF complex (Polybromo- and BAF containing complex) -6.7 5 9

CORUM:566 BAF complex -6.7 5 9

CORUM:710 Brg1-associated complex I -6.7 5 9

CORUM:711 Brm-associated complex -6.7 5 9

CORUM:807 BRG1-associated complex -6.7 5 9

CORUM:778 LARC complex (LCR-associated remodeling complex) -6.7 6 19

GO:0006337 nucleosome disassembly -6.7 6 19

GO:0031498 chromatin disassembly -6.7 6 19

ATF3 D+B+ vs ATF3 V+D+B+ATF3 V+D+B+ unique (150 DEPs-See Fig. 56)
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Chapter 5: Discussion  

5.1 The roles of the UPR in CoV replication  

As delineated in the introduction, coronaviruses replicate their genome in specialized, virus-induced 

subcellular structures referred to as double-membrane vesicles (DMVs). One putative origin of these 

structures is the ER membrane (Klein et al. 2020; Cortese et al. 2020; Romero-Brey and Bartenschlager 

2016). Hence, it is expected that their formation upon CoV infection and the subsequent accumulation 

of newly synthesized viral proteins can cause a form of ER stress and activation of the unfolded protein 

response (UPR). Molecular details and the biological role of this type of ER stress and the subsequent 

UPR activation in CoV replication are still largely poorly characterized. 

In this work, the investigation of major UPR and ER stress factors in response to CoV infection showed 

a unique pattern of activation and attenuation of these factors. This indicated a virus-specific host 

response concerning both processes to the infection. Small molecule inhibitors and genetic loss of 

function (i.e. knockdown) strategies were implemented to investigate the roles of these factors in CoV 

replication and host response. The roles of UPR and ER stress induction in CoV replication and host 

response were also studied through activating these systems by the chemical compound thapsigargin. 

The results of these studies are discussed in the following sections.  

 

5.1.1 The modulation of major UPR factors by CoV infection 

 

The UPR sensors PERK and IRE1α were both activated in response to CoV infection, which was in line 

with multiple other studies with different strains of CoV including  SARS-CoV, MERS-CoV, SARS-

CoV-2, and PHEV-CoV (Krähling et al. 2009; Chu et al. 2021; Echavarría-Consuegra et al. 2021; Shi 

et al. 2022; Xue et al. 2018; To S. Fung and Liu 2014; To Sing Fung, Liao, and Liu 2016).  

The activation of PERK by a short pulse of chemical ER stress (i.e. 1 hour of thapsigargin) showed only 

one, hyper-shifted band of PERK. Interestingly, when compared to 1 hour of thapsigargin treatment, the 

PERK activation pattern seen on the Western blot due to 24 hours of virus infection showed multiple 

bands of PERK. The single band seen in 1 hour of thapsigargin treatment can be due to multisite-

phosphorylation of PERK upon initial activation of UPR. The pattern of PERK activation seen after 24 

hours of virus infection might be attributed to different levels of PERK phosphorylation or possibly 

other post-translational modifications (PTMs) such as K48-linked ubiquitination that might target the 

protein for degradation (Larhammar et al. 2017; Akimov et al. 2018). It can also be a reflection of 

degradation products of an initial single hyper-phosphorylated band. Hence, it is reasonable to speculate 

that a short pulse of chemical ER stress might not be enough to show the full range of the post-

translationally modified products or degradation products on the Western blot. Indeed longer treatments 

of the cells with thapsigargin resulted in a somewhat similar pattern of activation of the PERK band to 
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the one seen in the virus-infected cells. Overall, these data hint at the dynamic pattern of PTMs in 

regulating PERK levels (and maybe functions) depending on the length of UPR activation. An 

interesting follow-up experiment would be to identify these modifications by mass spectrometry at 

different time points of UPR activation and under different stimuli (i.e. thapsigargin vs CoV). This 

experiment can be followed up by mutating any differential PTMs of PERK under these conditions and 

observing any subsequent phenotype.  

In contrast, IRE1α activation was observed as a single protein band phosphorylated at serine 724 with 

no effect on the overall levels of the protein in HCoV-229E-infected cells. This phosphorylation site is 

widely used to monitor the activation of IRE1α in response to ER stress. A recent study in mouse 

embryonic fibroblast cells and primary hepatocytes has indicated that the phosphorylation of IRE1α at 

Ser724 is crucial for the IRE1α auto-phosphorylation and the activation of its RNase activity (Y. Li et 

al. 2022). 

The mechanism of UPR sensors activations has been under study for a long time (Gardner and Walter 

2011; Kopp et al. 2019; Verfaillie et al. 2012). An interesting assay developed by Kopp et al depends 

on the FRET signal that quantitatively assesses the association and dissociation of BiP from IRE1α upon 

the activation of UPR (Kopp et al. 2018). The same group showed in a later study that BiP has dual 

functionality as a chaperon and as an ER stress sensor through its interactions with luminal domains of 

UPR sensors of IRE1α and PERK (Kopp et al. 2019). The FRET assay mentioned above can also be 

extended to study the activation mode of PERK under different experimental conditions (including CoV 

infection) and at different time points of the UPR activation. This will give more insight into the subtle 

differences in UPR activation and mechanisms as a function of treatment or infection.  

Interestingly, MERS-CoV infection of Huh7 cells resulted in the downregulation of IRE1α protein levels 

while SARS-CoV-2 infection of VERO-E6 cells upregulated the protein levels. These data suggest a 

possible pathogen-specific involvement of IRE1α in the replication of each of these viruses. Indeed a 

recent study has indicated that SARS-CoV-2 (unlike other betacoronaviruses, including MERS-CoV) 

only partially activates the IRE1α pathway in human lung-derived cells (Nguyen et al. 2022). The paper 

argued that the inhibition of the RNase domain of auto-phosphorylated IRE1α could be seen as a strategy 

to modulate the host’s innate immune response through inhibiting the IRE1α -dependent splicing of 

XBP1 mRNA.  

The prominent ER stress marker BiP showed a reduction in protein levels after 24 hours of HCoV-229E 

and MERS-CoV infections of Huh7 cells. BiP is usually involved in chaperoning unfolded proteins and 

hence its upregulation, rather than its downregulation, would have been expected upon induction of 

UPR. Nevertheless, few other studies reported a similar downregulation of BiP as a result of a CoV 

infection (Echavarría-Consuegra et al. 2021). The observed downregulation might be attributed to a 

possible anti-viral role of BiP, which is discussed in more details in section 5.1.3. 
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Finally, the infection of Huh7 cells with HCoV-229E resulted in huge induction of ATF3, which is 

discussed in more detail in section 5.3.    

 

5.1.2 The effects of attenuating the functions and protein levels of PERK and IRE1α on 

CoV replication and host response 

 

This present study utilized small molecule inhibitors and genome editing by CRISPR-CAS-9 as two 

independent and complementary loss of function approaches to investigate the effect of attenuating the 

functions and protein levels of both, PERK and IRE1α, on CoV replication and the host response.  

 

5.1.2.1 The “basal” host response to attenuating the functions and protein levels of PERK  

 

The treatment of the uninfected cells with 10 µM of PERK inhibitor for 24.5 hours resulted in a clear 

deactivation (i.e. contraction to one single fast-migrating band) of the slightly activated PERK bands. 

This slight activation is most likely due to treatment with the vehicle DMSO and/or residual stress 

resulting from harvesting the cells, a process that involves a change in temperature and mechanical 

scraping. The treatment also led to an unexpected, significant increase in the levels of eIF2α 

phosphorylation and ATF3 induction. This paradoxical increase of eIF2α phosphorylation was 

accompanied also by a reduction in translation levels as assessed by the puromycilation assay. One 

possible explanation of this observation can be attributed to a compensatory mechanism initiated by the 

cell upon PERK inhibition. This compensatory mechanism is carried out by other eIF2α kinases leading 

to the induction of a moderate (or low) UPR, possibly without an underlying causative ER stress. Hence, 

the moderate induction of ATF3 seen under this condition might be understood as a “by-product” of 

such activation and ultimately point out to possible connection between ATF3 and other eIF2α Kinases 

(discussed in section 5.3). Indeed a similar decorrelation between PERK inhibition and eIF2α 

phosphorylation has been previously reported for PERK inhibitor GSK2656157 (Krishnamoorthy et al. 

2014). In that study, the authors argued that GSK2656157 could indeed induce ER stress-mediated death 

of human fibrosarcoma cells and might be used to investigate pathways that compensate for PERK 

inhibition. Supporting the idea of compensatory pathways, a study done in human breast cancer cells 

indicated a reciprocal modulation of activities between PERK and GCN2 ( Alasiri et al. 2020). In that 

study, the authors demonstrated that inhibiting PERK with GSK2606414 lead to an induction in GCN2 

expression and activity. 

Alternatively, Mendez et al reported a novel small ATP-competitive molecule (IPA) that inhibits PERK 

at a certain range of concentrations while it activates it at the lower range (Mendez et al. 2015). The 

authors argued for a model where the binding of this molecule at lower concentrations would lead to a 

predisposition of the kinase to switch to the active conformation state. This in turn would lead to a trans-
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activation of an un-bound (to the inhibitor) second PERK molecule through dimerization, a process 

known as allosteric activation. Similar results from Dey et al were also reported for PKR kinase (Dey et 

al. 2014). Hence, a similar phenomenon with the current PERK inhibitor cannot be excluded.  

In agreement with the results from the inhibitor studies discussed above, the knockdown of PERK in 

Huh7 cells led to a similar statistically significant increase in the phosphorylation of eIF2α in the non-

infected cells. This observation supports the argument of a compensatory response from other eIF2α 

kinases in cases of PERK knockdown or inhibition. Nevertheless, this increase in eIF2α phosphorylation 

was seen as only a slight decrease (statistically non-significant) in the translation levels as investigated 

through puromycilation assay. Contrary, when investigated using click-chemistry-mediated biotin 

labeling of the nascent proteins, the reduction was more readily seen on Western blot. This discrepancy 

might be attributed to a shortcoming of the puromycin-labeling method in PERK KD cells. Indeed a 

group of researchers reported similar disagreement between these two methods in energy-starved cells 

(Marciano, Leprivier, and Rotblat 2018). In that correspondence, the authors showed a significant 

reduction in the levels of mRNA translation using both puromycin labeling and methionine homolog L-

azidohomoalanine (AHA) labeling under cycloheximide treatment. The results, however, were different 

under glucose or total starvation (both of which are known to induce translational shut-off). Under these 

conditions, puromycin labeling showed only a minor reduction in protein synthesis as compared to AHA 

labeling. 

 

5.1.2.2 The effects of attenuating the functions and protein levels of PERK and IRE1α on 

CoV replication 

 

The effect of PERK inhibitor on HCoV-229E replication was readily seen as a significant reduction in 

the levels of the viral N protein and the production of infectious particles. This also led to a partial 

reversal in the virus-induced phosphorylation of eIF2α and the virus-induced translational shut-off. 

The data obtained from attenuating PERK genetically agreed with the inhibitor studies on a reduction 

in the production of HCoV-229E infectious particles. However, a key discrepancy between the two 

approaches was readily evident in the production of the viral N protein. Wherein the pharmacological 

attenuation of PERK resulted in a massive reduction of the N protein, the genetic approach resulted in 

a significant increase (two folds) in the levels of this viral protein. This increase in the N protein was 

orthogonally validated using the click-chemistry approach to assess de-novo synthesis levels of proteins 

of interest under infection conditions. The click-chemistry approach indicated that this increase is a 

result of active translation of the viral N protein rather than lack of its degradation.  

Another interesting observation when comparing the two approaches (genetic vs pharmacological) can 

be seen in the levels of HCoV-229E infectious particles production. Although both approaches agreed 

on a reduction in the viral titer, the PERK KD cells showed a weaker (though still statistically 
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significant) reduction than that observed using pharmacological inhibition of PERK. The observation 

can either be interpreted as a piece of evidence supporting the idea that the presence of enzymatically 

inactive PERK has an anti-viral effect or that the inhibitor might be off-targeting other kinases that are 

relevant to the infection. 

Arguably, the inhibition of the enzymatic activities of PERK pharmacologically does not necessarily 

prevent PERK from forming protein-protein complexes and engaging in non-enzymatic activities. These 

non-enzymatic activities might lead (directly or indirectly) to the activation of further anti-viral 

mechanisms or even targeting the N protein for degradation or reducing its translation. Hence, an 

additional layer of the structurally dependent (enzymatically independent) anti-viral role of PERK might 

be involved. Consequently, a systematic approach to studying the interactome of PERK protein under 

CoV infection conditions might shed light on new functions of this protein. Worth pointing out here that 

PERK consists of multiple domains including a transmembrane, luminal, and kinase domains (H. Wu, 

Ng, and Thibault 2014). Of these domains, the luminal one has been shown to form selective protein: 

protein intereactions with misfolded proteins but not with their native forms (P. Wang et al. 2018). 

Indeed many reports indicated a wide range of non-catalytic activities of multiple kinases. These 

activities included allosteric regulation, scaffolding, and interacting with nucleic acids (Kung and Jura 

2016).  

One prominent example of such “enzymatically independent” functioning is the α isoform of p38 MAP 

kinase. The activation of this protein leads to cell cycle arrest through the triggering of the G2/M 

checkpoint (Fan et al. 2005). RNA interference depletion of p38α resulted in an expected inhibition of 

cell proliferation; however, the inhibition of the kinase using small molecules did not affect the cell 

cycle supporting the idea of a kinase-independent role of this protein in the cell proliferation (Fan et al. 

2005). 

Moreover, a study from Hett et al indicated an important, kinase-independent, role of PKR in pyroptosis 

(a process that leads to programmed cell death accompanied by high levels of inflammation) through 

the activation of caspase-1 (Hett et al. 2013)  

 A hypothesis that might integrate both of these observations (i.e. viral titer and N protein levels 

differences between inhibiting PERK pharmacologically and PERK KD) relies on multiple studies that 

showed an abundant amount (i.e. ectopic overexpression) of the viral N protein might enhance the 

production of CoV infectious particles (Casais et al. 2001; Mishra et al. 2021; Sungsuwan, 

Jongkaewwattana, and Jaru-Ampornpan 2020). Indeed, a recent study indicated that the ectopic 

overexpression of the N protein of both TGEV and PEDV coronaviruses led to an increase in the 

production of PEDV RNA and virions in cell culture (Sungsuwan, Jongkaewwattana, and Jaru-

Ampornpan 2020). Hence, the weaker reduction of the viral titer in PERK KD cells can be also attributed 

to enhanced production of viral particles, due to the increased N protein translation. In other words, the 
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increased translation of the N protein might be able to compensate for the partial anti-viral state imposed 

by the absence of PERK. 

A follow-up experiment to test this hypothesis would include the ectopic overexpression of the viral N 

protein in cells infected with HCoV-229E and simultaneously treated with PERK inhibitor. An increase 

in the production of infectious particles might be considered as supporting evidence for this hypothesis.  

Additionally, the reconstitution of PERK KD cells with PERK construct encoding a kinase-dead mutant 

under HCoV-229E infection should result in further reduction in the titer and a decrease in the amount 

of the N protein if indeed PERK has an enzymatically independent role in CoV replication.  

When investigating translation levels under CoV infection, both approaches (i.e. inhibitors and 

knockdown) led to only a partial reversal in the virus-induced translational shutdown. Contrary, the 

treatment of PERK KD cell line with 1 µM of thapsigargin for 1 hour resulted in a complete reversal of 

the translational shut-off observed under this condition in the parental cells. These observations support 

the idea of active contribution of other eIF2α kinases to the induction of translation shutdown upon CoV 

infection.  

The treatment of both uninfected and HCoV-229E-infected cells with 1 µM of KIRA6 (IRE1α inhibitor) 

led to the activation of the PERK band and a significant increase in eIF2α phosphorylation. The 

treatment also resulted in minor effect on the viral replication and N protein production. No effect was 

observed on the virally-induced translational shut-off after this treatment.  

It is known that PERK signaling persists in prolonged ER activation while IRE1α activation attenuates 

(Chang et al. 2018). It is possible that a prolonged IRE1α inhibition by KIRA6 can be interpreted by the 

cell as a signal to switch between adaptive UPR (IRE1α-dependent) into an apoptotic one (PERK-

dependent) and hence the activation of the PERK band.  

The activation of eIF2α phosphorylation and the minor effect on the virus replication has been partially 

mirrored in the IRE1α KD cells. Nevertheless, the activation of the PERK band itself has not been 

observed in IRE1α KD cells which might argue again for similar issues regarding inhibitor vs KD 

discrepancies discussed above for PERK.   

On the other hand, the double treatment of both PERK and IRE1α inhibitors of infected cells leads to 

the deactivation of IRE1α-induced activation of PERK. Hence, the dominance of the anti-viral effect 

resulting from the deactivation of PERK-phospho-eIF2α pathways argues for an important partially pro-

viral role of activated PERK in the replication of HCoV-229E. This may occur possibly, through a 

translation-shut-off mediated mechanism whereby global suppression of host translation favors the 

translation of (structural) viral proteins while concomitantly the production of some anti-viral host 

proteins is repressed.  
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5.1.3 Role of thapsigargin activation of UPR in CoV replication 

 

The modulation of individual ER stress sensors genetically or pharmacologically revealed an intricate 

involvement of the UPR in CoV infection. The further investigation of this involvement using the ER 

stress inducer (and UPR activator) thapsigargin led to the discovery of its potent anti-viral effect on 

three different human CoV, including SARS-CoV-2. This strong anti-viral effect was observed on 

multiple levels including viral RNA synthesis, viral protein translation, and the production of infectious 

particles. This effect was still observed even when thapsigargin was added 8 hours after the start of the 

infection. 

 

5.1.3.1 Role of BiP and IRE1α in thapsigargin-mediated adaptive and anti-viral 

responses 

 

The treatment of CoV-infected cells with thapsigargin reversed the CoV-induced down-regulation of 

multiple host factors involved in UPR signaling including BiP. This treatment also lead to a substantial 

increase in the protein levels of IRE1α.  

BiP is a canonical marker of ER stress and UPR activation. An observation that can be seen in our data 

in Huh7 cells treated with thapsigargin for 16 and 24 hours with or without simultaneous CoV infection. 

The data in this study indicated that the maximum induction of BiP occurred 24 hours after thapsigargin 

treatment with or without infection. This coincided also with the anti-viral state imposed on the cellular 

models by thapsigargin. Hence, viewing the induction of BiP in the context of thapsigargin treatment as 

part of an anti-viral or an adaptive response to the prolonged stress-induced by thapsigargin cannot be 

excluded. Nevertheless, no upregulation or downregulation of BiP was observed in cells infected with 

SARS-CoV-2 only, i.e. in the absence of thapsigargin. Interestingly, no upregulation of BiP in cells 

treated with 1 µM of thapsigargin for 1 hour has been observed, although most other ER stress markers 

tested in this study can be seen upregulated including PERK and eIF2α phosphorylation. This last 

observation might point out a protective upregulation of BiP upon prolonged UPR activation.  

Indeed multiple other studies indicated a protective role of BiP induction in the studied cellular model. 

For instance, it has been shown that inducing BiP using a small molecule inducer (called BiX) in 

neuronal cells protected them from death caused by ER stress (Kudo et al. 2008). Additionally, it has 

been shown that in yeast, the induction of Karp2 (BiP homolog) is crucial for clearing toxic proteins 

(Hsu et al. 2012). Hence, utilizing BiP inhibitors (or BiP KD cell line) to attempt to reverse thapsigargin-

mediated induction of BiP can be a very interesting follow-up experiment with possible intriguing 

outcomes. For example, it can either increase the cytotoxicity of thapsigargin through diminishing this 

putative adaptive UPR response without affecting the virus replication, has no phenotype, or further 

contribute to the suppression of the tested CoV replication. The latter outcome would support the idea 

of a pro- rather than anti-viral role of BiP. A particularly interesting situation would be to observe 
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different outcomes of this experiment based on the virus used. This would indicate a virus-specific role 

of BiP, at least in the context of the anti-viral state imposed by thapsigargin.  

Worth mentioning here that the role of BiP in CoV replication discussed in our publication Shaban et 

al. 2021 has been challenged as part of the matter arising section of Nature Communications from 

another group (Shaban et al. 2021). The group argued for a pro-viral role of BiP in SARS-CoV-2 

replication using a BiP inhibitor and siRNA knockdown strategy (Shin et al. 2022). This promtoted a 

reply from our side to their publication indicating that an exact role of BiP was not in the scope of the 

oringial publication and indeed in need of further elucidation (Shaban, Müller, et al. 2022). Both the 

challenge and the reply were published side by side in the same issue of the journal.  

IRE1α is known to mediate part of the adaptive arm of the UPR, promoting restoration of normal ER 

functioning and cell survival (Sircaik et al. 2021). Moreover, IRE1α is heavily involved in maintaining 

the integrity of the lipid bilayer of the ER membrane (Ho et al. 2020). Indeed Volmer et al showed in a 

study that IRE1α is able to sense lipid-bilayer changes (Volmer, van der Ploeg, and Ron 2013). Halbleib 

et al also showed that IRE1α has capabilities to sense physiochemical properties of the ER membrane 

(Halbleib et al. 2017). According to that work, IRE1α sensing of membrane lipid density depends on 

certain structural elements in the sensors luminal domain. These structural elements are responsive to 

the modulation of the membrane lipid density, which in turn affect the activation of IRE1α through 

increasing its dimerization (Halbleib et al. 2017). Interestingly, PERK has also similar structural 

elements and can be activated by unusual membrane changes rendering it a possible player in this 

process (Volmer, van der Ploeg, and Ron 2013).  Maintaining the integrity of the lipid bilayer of the ER 

membrane is a function that might be very much needed to counter the damage resulted from the viral 

assault on ER membrane through the establishment of DMVs and CMs. Hence, the upregulation of 

IRE1α can add another layer of adaptive/anti-viral response invoked by thapsigargin treatment.    

Nevertheless, a recent study indicated that the protection offered by IRE1α against thapsigargin-induced 

cytotoxicity is cell-type dependent (Lindner et al. 2020). The study showed a pro-apoptotic role of 

IRE1α under thapsigargin treatment in LNCaP prostate adenocarcinoma cells but not HCT116 colon 

carcinoma cells (Lindner et al. 2020). Indeed, the hyper-activation of this sensor led to an increase in 

the number of its RNase domain targets, that eventually led to apoptosis (R. Ghosh et al. 2014). Hence, 

a more profound investigation of the role of this sensor under thapsigargin treatment in context of CoV 

infection to determine its state of activation, downstream targets and interactors, is needed. 

 

5.1.3.2 The proteomic changes in response to thapsigargin treatment of CoV-infected 

cells 

 

The proteomic analysis carried out in this study indicated a pattern of upregulation of many other UPR 

factors when CoV-infected cells were treated with thapsigargin, including HERPUD1 and BiP.  
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The proteomic data also showed that amongst the highly upregulated pathways in CoV-infected cells, 

treated with thapsigargin, are those that are relevant to intracellular transportation, endocytosis and 

vesicle transportation. The involvement of these pathways in membrane remodeling is well known 

(Haucke and Kozlov 2018). The process through which the virus is inducing the formation of DMVs 

and CMs is heavily dependent on membrane rearrangements and remodeling (Wolff et al. 2020). Hence, 

it cannot be excluded that thapsigargin treatment is directly disrupting this process leading to a strong 

anti-viral effect. Nevertheless, the exact mechanism by which thapsigargin might exert this anti-viral 

effect is still unknown. One approach to elucidate this mechanism might be achieved by a systematic 

investigation of the most upregulated proteins involved in these processes.  

The proteomic analysis also indicated a thapsigargin-dependent induction of multiple ERAD and ERQC 

factors. HERPUD1 functions as part of ERAD, which is a process that further contributes to an adaptive 

response of UPR to remove unwanted proteins. Indeed, a study in cardiac cells indicated a major 

protective role of this protein through contributing in the degradation of a Ca2+ channel inositol 1,4,5-

trisphosphate receptor (IP3R) which is involved in cardiac hypertrophy pathology (Torrealba et al. 

2017). While the knockout of this protein resulted in increased levels of IP3R and progression toward 

cardiac hypertrophy (Torrealba et al. 2017). Hence, the collective, adaptive action of UPR factors 

mentioned above, and others, might contribute to the overall restorative and anti-viral effect of 

thapsigargin. 

Additionally, thapsigargin treatment of cells infected with MERS-CoV, and SARS-CoV-2 led to the 

upregulation of multiple proteins that are involved in ubiquitination. Ubiquitination is a post-

translational modification that alter proteins functioning, for example through K63-linked 

polyubiquintination or target them for degradation through K48-linked polyubiquitination (Kliza and 

Husnjak 2020; Swatek and Komander 2016). One example of such protein from the data set is the E1 

enzyme ubiquitin-like modifier-activating enzyme 6 (UBA6). The action of UBA6 and UBA1 (the other 

main E1 enzyme) results in controlling the proteome through targeting proteins to proteasomal 

degradation (Xianpeng Liu et al. 2017; Groettrup et al. 2008). In a recent study, researchers showed a 

major role of UBA6 in IFN-γ production in CD4+ and CD8+ T cells  (J. Y. Lee et al. 2022). Their data 

indicated hyper-activation of IFN-γ production in both CD4+ and CD8+ T cells lacking UBA6 (J. Y. Lee 

et al. 2022). The proposed mechanism for this control is through modulating the stability of the NF-B 

inhibitor IκBα (J. Y. Lee et al. 2022). Moreover, it has been shown that UBA6 activates FAT10, a 

molecule with function similar to ubiquitin (Groettrup et al. 2008). FAT10 targets its substrate to 

proteasomal degradation and is induced under pro-inflammatory conditions by IFNγ and TNFα 

(Groettrup et al. 2008). Together, these data suggest that induction of UBA6 might be part of the anti-

viral state imposed on the cells after thapsigargin treatment. Possibly through targeting viral proteins to 

degradation and/or modulating host factors relevant to immune response. Nevertheless, a more thorough 
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investigation of this protein and its pathway is needed to elicit its role in thapsigargin-mediated anti-

viral state.  

 

5.1.3.3 The translational changes in response to thapsigargin treatment of CoV-infected 

cells 

 

The pattern of upregulation of several UPR factors when CoV-infected cells were treated with 

thapsigargin seen in the proteomic data was in line with a partial restoration of translation seen using 

puromyclation assay. Similar results has been indicated in a different study where the authors used 

metabolic labeling to investigate the effect of prolonged induction of UPR by thapsigargin on translation 

shut-off (Preston and Hendershot 2013). The study showed that this partial restoration is selective and 

geared toward repressing sets of specific proteins rather than a general decrease in the translation 

capacity (Preston and Hendershot 2013).  

The general proposed mechanism for this partial restoration of translation is through a negative feedback 

loop that leads to the de-phosphorylation of eIF2α by protein phosphatase 1 (PP1) under chronic UPR 

conditions (Ma and Hendershot 2003). Interestingly, the data in the present study indicated a decrease 

in eIF2α phosphorylation in cells infected with CoV or treated with thapsigargin for more than 16 hours 

compared to cells treated with only 1 hour of this compound. Nevertheless, it did not show any decrease 

in the levels of eIF2α phosphorylation in cells treated with thapsigargin for prolonged periods (including 

the CoV + thapsigargin combined treatment) when compared to CoV-only infected cells despite the 

obvious, partial, restoration of translation. This discrepancy highlights the possibility of the involvement 

of a mechanism that is eIF2α-phosphorylation independent in thapsigargin-induced translational 

changes. Indeed data by (Preston and Hendershot 2013) indicated the involvement of 4E-BP1 hypo-

phosphorylation in this rather partial restoration of translation by thapsigargin, confirming previous 

results showing that 4E-BP1 deletion results in full restoration of translation after UPR induction 

(Yamaguchi et al. 2008, Preston and Hendershot 2013). Together, these results point out a possible 

virus-specific mechanism to induce the translational shut off that is different from the one used by 

thapsigargin. It also points out that thapsigargin might switch the molecular mechanism used to induce 

translation shutdown depending on the length of the treatment. Additionally, the thapsigargin partial 

restoration of translation can be seen as part of the adaptive mechanism to the prolonged activation of 

UPR and might be anti-viral by excluding viral proteins from the partial restoration of translation. 

A follow up experiment to elicit any bias toward translating or suppressing a particular subset of proteins 

in this partial restoration of translation can be performed using a click-chemistry-medicated, L-HPG/ 

biotin labeling approach. The double treatment condition (thapsigargin + CoV) and thapsigargin only 

condition for 24 hours or 1 hour can be compared. In such approach, cells under different 

treatment/infection conditions can be treated with the methionine analog and then conjugated to biotin 
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using click-chemistry. Subsequently, the labelled proteins can be pulled down and sent to mass-

spectrometry for in-depth analysis of any differentially translated (or suppressed) proteins (Forester et 

al. 2018).   

 

5.1.3.4 CoV might be a direct target of thapsigargin 

 

The arguments above focused on the modulation of host pathways by thapsigargin that might be 

important for viral replication and hence the anti-viral effect. Nevertheless, one cannot exclude the 

possibility that thapsigargin directly interacts with viral proteins leading to blocking of the infectious 

cycle in a host-response independent manner. As delineated in the introduction, thapsigargin main target 

in the cell is the SERCA Ca2+ ion pump. Viral proteins that function as ion channels are well reported 

in many viruses and are especially common in RNA viruses (Nieva, Madan, and Carrasco 2012). The 

role of these viral ion channels can be critical for multiple stages of the virus life cycle and also in the 

modulation of the host response, including increased pathogenicity of the infection through different 

mechanisms that are still under investigation (Nieto-Torres et al. 2015). Hence, mutant viruses lacking 

the functions of these viral ion channels have been reported to be strongly attenuated (Nieto-Torres et 

al. 2015; Watanabe, Watanabe, and Kawaoka 2009; Netland et al. 2010; Nieva, Madan, and Carrasco 

2012; Nieto-Torres et al. 2014).  

Indeed, multiple viral auxiliary and structural proteins have been reported to function as ion channels 

(McClenaghan et al. 2020). For instance the E protein of SARS-CoV has been reported to form an ion 

channel in ERGIC/Golgi membranes with selective permeability to calcium ions (Nieto-Torres et al. 

2015). Imbalance in Ca2+ concentrations triggers an innate immune response through activating 

inflammasomes and cytokines (Nieto-Torres et al. 2014). In that study, the researchers demonstrated 

that Ca2+ crossing through E protein had a major role in inducing inflammatory response through the 

overproduction of IL-1β. Another example of such ion channel activity of a coronavirus protein is the 

ORF4a and auxiliary protein 3a of HCoV-229E and SARS-CoV-2, respectively (R. Zhang et al. 2014; 

Lu et al. 2006). In these studies, the authors demonstrated an important role of these auxiliary proteins 

functioning as ion channels. Lastly, the interaction between thapasigargin and other viral proteins 

(structural and non-auxiliary) can also occure through direct binding of the substance to residues in 

motifs similiar to where it binds to the SERCA.  

Together, these data indicates the importance of exploring the idea of thapsigargin interacting with these 

proteins as a possible anti-viral mechanism.  
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5.1.3.5 The role of the SERCA pump in thapsigargin-mediated anti-viral effect 

 

The targeting of the SERCA Ca2+ pump by thapsigargin and the subsequent increase in the cytosolic 

concentrations of Ca2+ can also be thought of in itself as an anti-viral mechanism through the modulation 

of Ca2+ signaling (Saurav et al. 2021; Thastrup et al. 1990). Indeed a recent study have indicated that 

the modulation of cytosolic Ca2+ concentrations using calcium channel blockers (CCBs) may have a 

beneficial effect on reducing fatality rate in COVID-19 patients and resulted in reduced replication of 

SARS-CoV-2 in vitro (L.-K. Zhang et al. 2020). Worth pointing out here that although, thapsigargin and 

CBBs regulate cytosolic Ca2+ concentrations differently; the effect of blocking either of them is an 

increase in the cytosolic Ca2+ concentrations. Thapsigargin main action is to block pumping back leaked 

Ca2+ ions from the cytosol to the ER while CCBs action is to maintain the intracellular concentrations 

of the ion against the rush of non-cytoplasmic Ca2+ upon a stimuli (Thastrup et al. 1990; S. Wang et al. 

2017). Hence, the anti-viral effect observed with CCBs or thapsigargin highlights the importance of 

calcium signaling for viral replication and as a target for future anti-viral drugs.  

Lastly, the induction of ER stress by chemical compounds such as thapsigargin has been shown to 

proceed through multiple non-canonical cellular pathways (Bergmann et al. 2018). These pathways are 

thought to be mostly irrelevant to the classical UPR induced through overloading the ER with synthetic 

mal-or unfolded polypeptides (Bergmann et al. 2018). This observation suggests that the anti-viral effect 

seen with thapsigargin might be indeed achieved through other pathways that are independent of UPR-

activated programs and only partially achieved by UPR modulation.  

In the next section the role of thapsigargin in inducing and regulating autophagy flux, the general role 

of autophagy in CoV replication and its cross talk with UPR were discussed.  
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5.2 Role of autophagy in CoV replication and crosstalk with ER stress pathways 

 

5.2.1 Role of autophagy in HCoV-229E 

 

The role of autophagy in CoV replication, specially the formation of replicative DMVs, has been under 

extensive research for long time (Sargazi et al. 2021).  Three major findings in this study regarding the 

role of autophagy in HCoV-229E replication can be summarized as follows: The infection caused the 

induction of selective autophagy (mediated by p62). The inhibition of autophagy by lysosomal 

acidification inhibitor (BafA1) resulted in a significant drop in the translation of the viral N protein and 

the production of infectious particles. Thapsigargin treatment of cells infected with the virus blocked 

both types of autophagy flux severely (selective and basal). 

Selective autophagy relies on adapter proteins that capture ubiquitinated targets and subsequently 

interact with LC3B-II to deliver the cargo to the maturing autophagsome (Cohen-Kaplan et al. 2016). 

Example of such an adaptor protein is p62 (Pankiv et al. 2007). Given the selectivity of this process, 

increasing number of studies started to focus on its role in the regulation of innate immunity. Indeed a 

recent study has shown that in Drosophila, the immune deficiency (IMD) pathway is a target for 

degradation by selective autophagy (Tsapras et al. 2022). IMD acts as an activator of NF-κB pathway 

in insects and plays major role in the expression of most of anti-microbial peptides (Myllymäki, 

Valanne, and Rämet 2014) suggesting an important pro-pathogen role of selective autophagy. 

Another piece of evidence supporting a possible pro-viral role of selective autophagy is a study that 

indicated the involvement of p62 in selectively degrading parts or whole of the ER (ER-phagy) (Ji et al. 

2019). This degradation (or recycling) of the ER membrane might provide the virus with a source of 

material to generate the replicative DMVs. 

PERK activation has been shown to induce autophagy (Avivar-Valderas et al. 2011). One finding of this 

study was that the GSK2606414 inhibition of PERK pathway resulted in a decoupling between HCoV-

229E replication and autophagy flux inhibition. In other words, GSK2606414 inhibited the virus 

replication but did not affect autophagy flux. This decoupling might suggest that the activation of 

autophagy in CoV-infected cells is PERK independent.  

Finally, although thapsigargin strongly activates PERK pathway, it resulted in the inhibition of both 

types of autophagy flux. It is well known that Ca+2 is required for the early steps of autophagosome 

biogenesis (Engedal et al. 2013).  Hence, the inhibition of autophagy flux by thapsigargin can be 

understood because of Ca+2 gradient disruption rather than an ER stress/ UPR related mechanism 

(Engedal et al. 2013; Ganley, Wong, and Jiang 2011; Ganley et al. 2011-2).   
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5.2.2 Role of autophagy in MERS-CoV  

 

Interestingly, inhibiting autophagy flux by BafA1 treatment did not result in any inhibition of MERS-

CoV replication. The data in this study also indicated a significant downregulation of autophagy flux 

upon MERS-CoV infection. A recent study has identified SKP2 (S-phase kinase-associated protein 2) 

as an E3 ligase that promote the proteasomal degradation of the major autophagy regulator Beclin1 

(Gassen et al. 2019). In this same study, it has been shown that the induction of autophagy by inhibiting 

SKP2 resulted in a significant reduction in the replication of MERS-CoV (Gassen et al. 2019). Taken 

together, it is reasonable to speculate that autophagy has an anti-viral role in MERS-CoV replication 

and hence it is downregulated upon infection with this CoV.  Subsequently, countering this 

downregulation (i.e. inducing autophagy) can be detrimental to MERS-CoV replication as shown in 

Gassen et al. 2019. A key experiment in this context would be to investigate whether the induction of 

autophagy through other means (e.g. growth factors deprivation or inhibition of certain regulatory 

factors) would also result in a similar inhibition of MERS replication.  Indeed, it has been shown that 

the inhibition of ERK/MAPK and PI3K/AKT/mTOR pathways (which are known to activate autophagy 

in their normal activated state) resulted in the inhibition of MERS-CoV replication (Kindrachuk et al. 

2015).  

 

5.2.3 Role of autophagy in SARS-CoV-2 

 

In this study, BafA1 treatment of cells infected with SARS-CoV-2 led to a significant drop in the viral 

titer and viral N protein levels if the treatment was done 4 hours before the infection. On the other hand, 

the 8 hours post infection treatment did not result in any significant drop. This contradiction in SARS-

CoV-2 replication between the two treatment conditions might be attributed to a possible impairment of 

the entry step of the virus when the cells are treated with BafA1 4 hours before infection. Indeed another 

compound, Chloroquine and its derivative hydroxychloroquine have also been shown to block SARS-

CoV-2 replication in cellular models through the impairment of the TMPRSS2-independent entry step 

(Ou et al. 2021). 

Chloroquine (and hydroxychloroquine) has been shown to block autophagy at the late step of 

autophagosome-lysosome fusion, resembling the mechanism of BafA1 inhibition of late autophagy 

(Mauthe et al. 2018; Edelstein, Venkatachalam, and Dong 2020). Nevertheless, a recent study has 

suggested that the autophagy as a process is dispensable for the replication of both SARS-CoV-2 and 

HCV and only certain autophagy factors are needed for both viruses replication (Twu et al. 2021). 

Indeed, the data in that study showed that both viruses exploit class III phosphatidylinositol 3-kinase 

(PI3K), a major factor needed for the formation of autophagosome, to generate the replicative DMVs 

(Twu et al. 2021). Hence, the blockage of late autophagy steps by Chloroquine or BafA1 might not be 

relevant to SARS-CoV-2 replication.  
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5.2.4 Is there a role for autophagy in CoV regulation? Integrating data from the study of 

the three viruses 

 

Several studies have indicated that the replications of SARS-CoV and MHV were not affected by the 

deletion of key autophagy factors such as ATG 7 & 5, both of which are essential for the formation of 

the autophagosome (Schneider et al. 2012; Zijiang Zhao et al. 2007; Maity and Saha 2021). Moreover, 

the induction of autophagy resulted in no effect on the replication of MHV nor SARS-CoV (Schneider 

et al. 2012). These results point out a strain-specific exploitation or interaction of CoV with the 

autophagy factors. They might also indicate that the formation of the DMVs (and hence the formation 

of viral replication sites) does not necessary require an entire intact autophagy flux but rather certain 

autophagy components/factors would be sufficient depending on the CoV in question (Reggiori et al. 

2010). Hence, it cannot be excluded that the inhibition of SARS-CoV-2 and HCoV-229E by BafA1 can 

be indeed understood (at least partially) as an effect of entry-step impairment rather than a direct effect 

of autophagy flux blocking. Consequently, the inhibition of both types of autophagy fluxes by 

thapsigargin can also be interpreted as a “by-product” of calcium gradient disruption. In this case, the 

disruption of autophagic flux does not directly or significantly contribute to the strong anti-viral effect 

of this compound.   

Nevertheless, it has been shown that the deletion of Herp protein (also called HERPUD1) can upregulate 

autophagy flux and lead to a degradation of protein aggregates under proteasome inhibition and glucose 

starvation condiations (Quiroga et al. 2013). Hence, the induction of this protein seen in the mass 

spectrometry data with thapsigargin treatments (see results) might also indicate a pro-viral role of 

autophagy given the anti-viral state imposed by thapsigargin on the cells.  

A possible limitation, complicating the interpretation of the data discussed in this section for MERS-

CoV and SARS-CoV-2 (presented in figures 36 and 37 in the results section) was multiple technical 

difficulties. For instance, the highly cytotoxic MERS-CoV resulted in the death of the majority of cells 

in infected conditions (de Wilde et al. 2013). This created a major hurdle to obtain enough amount of 

proteins to investigate on a Western blot. This led, in some cases, to less effective detection of the bands 

by designated antibodies, and hence possibly underestimation of autophagy flux when calculating back 

the ratios. Moreover, the tendency of cells infected by MERS-CoV to form syncytia, a pathological 

multinucleate structure, adds a another layer of complication in interpreting the data (Qian, Dominguez, 

and Holmes 2013b; Rajah et al. 2022) 

Lastly, the handling of cellular lysates of experimental conditions infected by MERS-CoV and SARS-

CoV-2 required lysing the cells in SDS buffer to inactivate the virus (details in the Methods section) 

before transporting them out of the BSL3 laboratory. The highly viscous lysates required a sonication 

step (three rounds on the bioruptur machine) that is not included (or needed) in case of HCoV-229E. 

Nevertheless, this sonication step did not yield any extra or unexpected bands upon investigating the 

lysates on Western blot. 
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Overall, the role of autophagy in viruses’ replication is still highly debatable and can indeed be two-

faced (pro- or anti-viral) depending on the virus family or even the strain, hence deeper investigation is 

needed for each of the viruses discussed in this study (Espert, Codogno, and Biard-Piechaczyk 2007; 

Zimmermann et al. 2021; Ahmad, Mostowy, and Sancho-Shimizu 2018). 

5.3 The role of ATF3 in HCoV-229E infection 

 

5.3.1 ATF3 knockdown in Huh7 cells in context of CoV replication 

 

The stress-induced, activating transcription factor 3 (ATF3) has been shown to be implicated in multiple 

(patho)-physiological processes such as immunity, neuronal regeneration and various stress-related 

pathways including viral infection (Ku and Cheng 2020; Lindå, Sköld, and Ochsmann 2011; Sood et al. 

2017). 

In this study, despite its strong induction by HCoV-229E infection, the CRISPR-CAS-9 –mediated 

knockdown of ATF3 in Huh7 cells did not affect the replication of the virus or any of the investigated 

host factors. In such a situation, it is tempting to explain this lack of phenotype because of a 

compensatory effect from another, closely related transcription regulator from the same family of 

factors. Most straightforward case would be functional redundancy by another AP-1 bHLH (basic helix-

loop-helix) transcription factor that is expressed and inducible in Huh7 cells. 

An alternative phenomen is genetic compensation (or genetic adaptation) that has recently been reported 

as a (possibly) widespread event in response to a specific gene knockdown in several studies (El-Brolosy 

and Stainier 2017). Here, an incomplete genetic knockout that still allows the transcription of a truncated 

RNA, leads to compensatory transcriptional upregulation of a related gene (El-Brolosy et al. 2019; 

Kontarakis and Stainier 2020). This effect is lost, when the knockout is complete, i.e. does not result in 

any transcribed RNA (El-Brolosy et al. 2019; Sztal and Stainier 2020; Serobyan et al. 2020; Kontarakis 

and Stainier 2020). 

One prominent example of genetic compensation has been reported in mice lacking the ribosomal gene 

Rpl22 (O’Leary et al. 2013). The loss of Rp122 did not result in any significant defects in translation as 

its function has been compensated by its paralogue, Rpl22l1 (O’Leary et al. 2013). Interestingly, the 

study has also shown that the paralogue protein is inhibited by Rp122 under normal conditions (O’Leary 

et al. 2013).  

Hence it is conceivable that classical CRISPR-Cas-9-mediated genome-editing which randomly 

introduces InDel mutations as in this study, results in an array of RNAs transcribed from the mutated 

ATF3 locus that activate some form of genetic compensation of this kind.   
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A possible work-around for this issue might be through employing a post-transcriptional, conditional 

and rapid loss of function approach such as auxin-inducible degron technology (Shetty, Reim, and 

Winston 2019). This technology depends on tagging a protein with a destabilizing domain referred to as 

degron (Yesbolatova et al. 2020). This tag will induce rapid degradation of the protein fused with it, 

conditionally as function of a ligand concentration (in this case, auxin) (Yesbolatova et al. 2020; 

Natsume et al. 2016). Such a technology might allow for a fast and dynamic assessment of protein 

functions without being hindered by the slow rate of depletion, or a possible, subsequent activation of 

difficult to assess compensatory responses associated with conventional loss of function methods. One 

key adavatange of conditional degrons system is its reversiblity and hence, the specificity of any 

phenotype can be confirmed upon re-expression of the targeted protein (Yesbolatova et al. 2020).  

In addition to that, it is important to point out that the knockdown of ATF3 was only partial and traces 

of an induced ATF3 protein band can still be seen upon HCoV-229E infection on Western blot. This 

remaining amount of protein can be indeed enough to perform the supposed role of this factor or activate 

a possible feedback/compensatory mechanism.   

Alternatively, the lack of phenotype of ATF3 KD on CoV replication can be seen as a cell-model specific 

peculiarity. Indeed, a study that has been conducted in bone marrow derived macrophages (BMDMs) 

has indicated a major involvement of ATF3 in modulating the levels of IFNβ (basal or induced) in these 

cells (Labzin et al. 2015). The mechanism through which ATF3 carried out this function was through 

acting as a transcription repressor binding to a regulatory site in the Ifnb1 gene promoter (Labzin et al. 

2015). The study has also showed that the deletion of ATF3 in macrophages reduced viral infection of 

both lymphocytic choriomeningitis virus and vesicular stomatitis virus (Labzin et al. 2015). Hence, a 

pro-viral role of ATF3 induction in this cellular model against these two viruses can be established. 

Moreover, another study has indicated that the replication of Hepatitis C virus (HCV) is much more 

receptive to IFNγ treatment in Huh7, as opposite to Huh6 cells (Grünvogel et al. 2015). Pointing out 

again the peculiarity of different cellular models and the importance of choosing a cellular model that is 

suitable for a particular research question.  

Integrating these studies together with data presented here from ATF3 KD, it cannot be excluded that 

the role of ATF3 in CoV replication is relevant (and phenotypic) only when investigated in an animal 

model or different cellular model. Additionaly, the current study looked only at a handful of possibly 

ATF3-regulated host factors using Western blotting. Therefore, a very relevant (and phenotypic) role of 

ATF3 in regulating host gene response, through regulating chromatin accessibility or expression of gene 

networks, cannot be excluded. Hence, assessing the role of ATF3 in CoV replication and host response 

using other methods such as ChIPseq or BioID might be indeed an important next step.  
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5.3.2 Interactome studies using BioID method 

 

5.3.2.1 Attempts to study the interactome of several ER factors using BioID method 

 

The literature on ATF3-regulating networks and pathways is relatively limited (Jadhav and Zhang 2017). 

One aim of this study was to try to unravel partner proteins of ATF3 using the BioID method. Initial 

attempt to study the interactome of ATF3 (and other UPR factors, including PERK) has been made using 

the biotin ligase BirA. Nevertheless, this approach did not come to fruition due to multiple possible 

limitations that are related to the choice of biotin ligase itself or the bait protein.  

For instance, it has been reported in multiple studies that BirA ligase is less efficient at temperatures 

lower than 37°C and in certain cellular compartments such as the ER (D. I. Kim et al. 2016; May et al. 

2020). This rendered this biotin ligase inefficient for experiments that included HCoV-229E infection, 

as they were carried out at 33°C. Hence, the decision was to opt out for another, more efficient ligase, 

the miniTurbo biotin ligase (Branon et al. 2018).  

The miniTurbo biotin ligase has proven to be much more efficient at 33°C for the miniTurbo-ATF3 

construct, as seen in the biotinylation pattern in the results section. Nevertheless, the miniTurbo-PERK 

construct at 33°C constantly showed a reduced, inefficient biotinylation pattern when compared to the 

empty vector control or the miniTurbo-ATF3 construct. This led to speculate that the issue might be the 

bait protein itself (including the size of the protein and its three dimensional structure) or the generated 

bait + ligase construct rather than the ligase alone. For instance, the tagging of particular baits with the 

ligase might result in a mal-folded chimeric protein that is unable to function and behave in a way similar 

to the endogenous bait. The mal-folding hypothesis of this chimeric protein can also be used to explain 

the fact that the MYC (for BirA-PERK) or HA (for miniTurbo-PERK) tags were both undetectable on 

immunoblot. Moreover, the length of the linker sequence between the ligase and the bait protein plays 

an important role (D. I. Kim et al. 2016). In the case of both miniTurbo-PERK and BirA-PERK, the 

ligase was fused directly to the bait (i.e: a polylinker length of zero). Hence, future optimization of the 

length of this linker in the miniTurbo-PERK and BirA-PERK constructs might improve the efficiency 

of biotinalytion.  

A further expansion for optimizing these constructs might also involve comparing the biotinylation 

efficiency and localization of the chimeric protein when the same ligase is fused to the bait protein at its 

two different termini (N- or C- terminal tagging) (Mair et al. 2019; Xiaonan Liu et al. 2020). Moreover, 

the addition of a fluorophore to the biotin ligase constructs, as carried out in Mair et al. 2019, can be 

very important and a quick way to investigate the levels of the construct expression and its localization 

(Mair et al. 2019). Nevertheless, the authors of that study noted that this approach might also 

compromise biotinylation efficiency or the normal functioning of the bait protein. Finally, the 
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localization of PERK in the ER membrane might play an important factor in reducing the efficiency of 

biotinylation (Branon et al. 2018; May et al. 2020; D. I. Kim et al. 2016).  

With the many hurdles discussed above that surrounded working with the miniTurbo-PERK construct, 

it was decided to leave it out from further experimentations. On the other hand, the miniTurbo-ATF3 

construct showed promising biotinlyation pattern. Hence, the biotinylated proteins (interactors) by this 

construct were sent to mass spectrometry for identification and analysis.      

 

5.3.2.2 Studying the interactome of ATF3 using BioID method 

 

A first striking observation of the mass spectrometry analysis was the large number of pulled down 

proteins (more than five thousands). This unexpected observation cannot be attributed to technical 

issues/failures in the pulldown or washing steps of the BioID protocol as the negative controls lacking 

the induction with doxycycline or exogenous biotin addition showed minimal number of pulled down 

proteins. Of note, multiple studies indicated a very rapid action of the miniTurbo ligase, sometimes 

within 10 minutes of exogenous biotin addition (Branon et al. 2018; Y. Zhang et al. 2019). In this present 

study, the intention behind adding biotin for 24 hours was to pulldown interacting proteins throughout 

the whole period of infection with HCoV-229E. Hence, it could not be excluded that this prolonged 

activation of the ligase resulted in a saturating effect. This effect would be caused from re-itering cycles 

of binding and release of interactors, causing very efficient biotinylation of one specific binding partner.  

Both, the miniTurbo ligase only and the miniTurbo-ATF3 are relatively small proteins, hence, they 

could be considered as mobile proteins, which stochastically can contact multiple intracellular factors. 

Hence, prolonged labelling times with biotin might result in significant protein intensities of 

“unphysiological substrates” in the pulldown experiments above background. Neverthless, the 

miniTurbo-ATF3 behaviour is most likely similar (or approaching) to that of the endogenous ATF3 

protein while the ligase only protein has uncharacterized (unspecific?) behavior. Hence, the comparsion 

between ligase only (EV) vs ATF3 with or without infection yielded a relatively reasonable number of 

significant interactors of ATF3 (185 and 129 proteins respectively) with the indicated selection criteria.   

To control for this issue, an experiment comparing pulled down proteins from conditions with 

exogenous biotin being added for varying lengths of time might be important. Moreover, the suggestion 

by Mair et al. 2019 for an additional control condition with the ligase only construct targeted to the 

compartment of interest (in this case the nucleus) might also help root out unspecific interactors. 

Nevertheless, one should not solely relay on such a control as it inherently assume that the presence (and 

hence interactors) of a certain protein is limited only to a certain compartment based on the known 

literature (which is not the case for many transcription factors including ATF2). Hence, such assumption 

might exclude the possibility of discovering authentic interactions or novel functions of protein of 

interest in other subcellular areas.  
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With this saturating effect, performing statistical analysis using stringent criteria did not yield any 

differential (or enriched) interactors of miniTurbo-ATF3 construct when compared to the empty vector 

control. Nevertheless, lowering the stringency of the effect size (i.e. the ratio of differential protein 

expression) and the statistical analysis (p values of −log10 (p) ≥ 1.3) and relying solely on the p values 

rather than the false discovery rate (FDR), yielded a plethora of interactors. These interactors mostly 

mapped to the nucleus hinting at a correct localization of the construct. In addition, several known 

interactors of ATF3 (e.g. p53, ATF2 and JUND) were uncovered after this analysis, serving as a good 

indicator of the reliability of the used statistical analysis (Yan and Boyd 2006; Hein et al. 2015; Huttlin 

et al. 2017). 

CEBPD (CCAAT/enhancer-binding protein delta), which was one of the top interactors of ATF3 in the 

BioID screens, is a bZIP transcription factor with many important roles related to the regulation of genes 

involved in immune and inflammatory responses and also as an early ER stress effector and autophagy 

regulator in breast cancer cells (Ko, Chang, and Wang 2015; Ullmann et al. 2021; Sheshadri, Sharan, 

and Sterneck 2017). Additionally, this transcription factor has been reported to significantly enhance the 

phagocytic ability of macrophages during A. fumigatus conidia infection (L. Liu et al. 2022). Though 

the same transcription factor has been reported in an independent study to inhibit macrophage-mediated 

phagocytosis of dying neuron cells (Ko et al. 2012).  A study conducted in macrophages relying on 

systems biology followed by experimental validations indicated that ATF3 is part of a regulatory 

network that involves NF-κB and C/EBPδ (CEBPD) (Litvak et al. 2009). This network controls the 

expression of multiple inflammatory genes including CEBPD and discriminates between transient and 

prolonged Toll-like receptor 4-induced signals (Litvak et al. 2009). TLR4 ligands are prototypical 

activators of the NF-κB pathway and of cytokine production leading to the activation of the innate 

immune system (Vaure and Liu 2014, 4). The role of ATF3 in the network uncovered by Litvak et al 

was to repress the transcription of CEBPD at later time point after the induction of TLR4. The additional 

layer of protein-protein interaction uncovered between these two proteins in this thesis makes an 

interesting observation that needs first to be validated and second to be corroborated at the functional 

level. For example, these results can also be used as a basis to further study the mRNA and protein levels 

of CEBPD in ATF3 KD Huh7 cells as well as the genome-wide chromatin recruitment of both 

transcription factors to enhancers or promoters to find out if they co-occupy coronavirus-regulated 

genomic regions under infection conditions.  

Another interactor uncovered by this current study was a transcriptional repressor celled THAP domain-

containing protein 11 (THAP11). This factor has been reported to have strong similarities with the site-

specific DNA-binding domain (DBD) of Drosophila P element transposase (Roussigne et al. 2003). 

THAP11 belongs to a family of Thanatos-associated proteins (THAP) that are involved in multiple 

cellular processes including chromatin modification, cell proliferation and transcriptional regulation (C.-

Y. Zhu et al. 2009). THAP11 in particular has been shown to be involved in embryogenesis, ES cell 
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pluripotency and repressing the proliferation of cancer cells (C.-Y. Zhu et al. 2009). Parkin is an E3 

ubiquitin ligase that promotes mitophagy (this is autophagy of damaged mitochondria)  by ubiquitinating 

mitochondrial proteins (Potting et al. 2018). Interestingly, a genome-wide CRISPR screen identified a 

network of regulators including THAP11 as a major repressor of Parkin (Potting et al. 2018). Moreover, 

it has been recently shown that SARS-CoV-2 causes extensive damage and impairment of mitophagy 

(Shang et al. 2022). The same study also indicated a localization of dsRNA of the virus in the 

mitochondria and hence possibly active replication of the virus in there. Therefore, the protein-protein 

interaction between THAP11 and ATF3 might represent a novel layer of mitophagy and mitochondrial 

quality control (MQC) regulation in context of CoV replication if confirmed to be authentic. 

Furthermore, ATF2, a member of the same family and a known interactor of ATF3, that is involved in 

multiple crucial signaling pathways including inflammation, oncogenesis and apoptosis (Yu et al. 2014; 

Jurida et al. 2015). ATF2 has been previously shown to localize to the mitochondrial membrane and 

play an important role in mitochondrial membrane potential maintenance (Lau and Ronai 2012). ATF2 

and multiple solute carrier family (SLC) proteins including SLC25A5, which are known to localize to 

the mitochondrial membrane, has been uncovered as interactors of ATF3 in this study.  Hence, the 

interaction between ATF3 and ATF2 or SLC25A5 might offer a recruitment mechanism and provide an 

explanation for the functional relevance of ATF3 in the mitochondrial membrane processes/homeostasis 

upon CoV infection. In particular, SLC25A5 is known to be a mediator of importing ADP to the 

mitochondrial matrix and exporting ATP to the cytoplasm (Gutiérrez-Aguilar and Baines 2013). Hence, 

if this interaction is confirmed to be authentic, it might suggest a role of ATF3 in controlling specific 

parts of the cellular energy metabolism upon CoV infection.  

To further prove this hypothesis, it will be important to confirm the localization of ATF3 in or close to 

the mitochondrial membrane (or matrix) upon CoV infection. This can be done, for instance, by 

ectopically expressing an ATF3 construct tagged with green fluorescent protein (GFP), by tagging the 

endogenous ATF3 gene using genome-editing, or through monitoring the translocation of this protein 

using immunofluorescence staining combined with mitochondrial markers.  

Furthermore, confirming individual interactors using orthogonal protein-protein interaction validation 

methods can increase the confidence in the BioID data. One such method is proximity ligation assay 

(PLA). The method relays on two primary antibodies (raised in different animal species) targeting the 

two proteins under investigation. Secondary antibodies with ssDNA can then be added and bind to the 

primary ones. If the two proteins under investigation are indeed in close proximity to each other, a rolling 

cycle DNA synthesis reaction would start (in the presence of oligonucleotides and other relevant 

enzymes) leading to the formation of a platform for fluorescent dyes to hybridize and then to be 

visualized by fluorescence microscopy (Mayr-Buro et al. 2019). This approach could, for example, be 

combined with (immune-) fluorescence staining of mitochondrial markers to prove a possible 

colocalization of specific ATF3 heterodimers to the mitochondria as discssued above.  



202 
 

Lastly, the strong induction of ATF3 by HCoV-229E infection can be interpreted as a pro-viral 

mechanism that is suppressing a (cell intrinsic) defense mechanism or the activation of an innate immune 

response by factors released from the infected cells (Jadhav and Zhang 2017; Sood et al. 2017; Labzin 

et al. 2015; De Nardo et al. 2014). A prominent example of such inhibitory effect of ATF3 on the innate 

immune system was described as part of the anti-inflammatory state imposed on macrophages by High 

density lipoprotein (HDL) (De Nardo et al. 2014). In that study, the authors proved that the suppression 

of pro-inflammatory cytokines by HDL was on the transcriptional level (De Nardo et al. 2014). To this 

end, the study utilized transcriptomic and ChIP-seq approaches to identify ATF3-dependent, HDL-

regulated gene networks and several major pro-inflammatory genes targeted by ATF3 upon HDL 

treatment (De Nardo et al. 2014). Why certain host factors such as ATF3 are upregulated during the 

infection (despite the global translational shut-down), and how this is executed at the mechansistic level, 

is not known. It is also unclear, if CoV express a protein that can directly “activate” ATF3, i.e. by post-

translational modification.  

 

5.4 Limitations of the study and outlook 

The results from the current study offer new and more in-depth insights into pathways involved in  CoV 

replication and host response with a focus on ER and UPR roles in this process. Nevertheless, as with 

any experimental scientific study, this work has its own, intrinsic limitations that need to be 

acknowledged. Perhaps the most prominent limitation of this study is the usage of cell culture models 

to study the virus replication and host response. Although cellular models are widely used and have 

produced enormous amount of data and knowledge, they only represent (loose) approximation of the 

actual (patho)-physiological states associated with a viral infection (Mead and Karp 2019). For instance, 

the inhibitory effect of thapsigargin on CoV replication needs to be rigorously tested in pre-clinical and 

clinical settings including careful consideration for the dosage and treatment period. Hence, confirming 

the main findings in a more physiologically relevant model can be of utter most importance. Such 

models might include organoids or animal models (J. Kim, Koo, and Knoblich 2020; Lamers et al. 

2021).  

Moreover, the conclusions drawn from the bioinformatics analysis of the mass spectrometry data 

throughout this study are only preliminary and serve as hypothesis generating strategy. Deep and solid 

mechanistic insights need further experimentations and confirmation. In particular, the experimental 

design of the ATF3 BioID experiment can be improved upon to account for biotinylation efficiency of 

the miniTurbo biotin ligase. For instance, shorter biotinalytion times can be considered at different 

stages of the virus infection.    
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Furthermore, the investigation of the effect of ATF3 KD on host response was limited to few factors. 

Hence a more thorough investigation of the possibly deregulated proteins is needed possibly using a 

mass spectrometry approach, RNA sequencing or ChIPsequencing.  

Finally, the findings in this study answerd some and opend the doors for more questions related to the 

the role of ER, UPR, ER stress, autophagy, ERAD and individual factors such as ATF3 and PERK in 

the replication of CoV and host response. Addressing these new questions including additional, more 

complex biological model systems with focused experiments (as delineated and suggested throughout 

the results and discussion sections) is the outlook of this study.  Figure 63 summarizes the main findings 

of this study.  

 

Figure 63: Summary of the newly uncovered findings in this study.  
A schematic representation of the different pathways and factors that have been uncovered in this study to be 

possibly involved in the replication of CoV (including PERK pathways, autophagy and ATF3) and the antiviral 

effect of thapsigargin. PERKi: GSK2656157 or GSK2606414; ERQC: ER quality control; ERAD: ER-associated 

protein degradation.  The figure was adapted from figure 2 Shaban et al, 2022 Elsevier (Shaban, Mayr-Buro, et al. 

2022). 
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the experiment shown in panel B. 

Figure 21 The experiments shown in panels A & B were 

performed together with the technician Hendrik 

Weiser and Dr. Christin Mayer-Buro. They both 

helped perform the biological replicas. Dr. 

Mayer-Buro performed the qPCR absolute 

quantification shown in panel B. 

Figure 22 The infection experiments were performed 

together with Hendrik Weiser and Dr. Christin 

Mueller (Prof. Ziebuhr working group). Dr. 

Mueller performed all SARS-CoV-2 and 

MERS-CoV infections, plaque assays and cell 

viability assays in the BSL3 laboratory of the 

Institute of Medical Virology, Justus Liebig 

University Giessen.  

Cell pellets from infected cells were then 

transferred to the Rudolf Buchheim Institute of 

Pharmacology and Western blot experiments 

were performed together with Hendrik Weiser. 

Figure 23 The experiments were performed together with 

Hendrik Weiser and Dr. Christin Mueller. Dr. 

Mueller performed all MERS-CoV infections and 

plaque assays in the BSL3 laboratory of the 

Institute of Medical Virology, Justus Liebig 
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University Giessen. Hendrik Weiser performed 

all the biological replicas shown in panels A, B & 

C. 

Figures 25, 26, 27, 28, 29 & 30 The Proteome-wide experiment was carried out 

with extensive contributions from multiple 

people. Dr. Christin Mueller performed all 

MERS-CoV and SARS-CoV-2 infections. 

Hendrik Weiser pre-prepared the samples. LC-

MS/MS mass spectrometry measurements were 

done in the mass spectrometry facility of the 

Department of Chemistry, Philipps University, 

Marburg (headed by Dr. Uwe Linne). Raw data 

were mapped to the human and viral proteomes 

by Dr. Uwe Linne and Dr. Axel Weber (Prof. 

Kracht working group) using the MaxQuant 

framework. The bioinformatics strategy and the 

entire subsequent analyses (figures 25, 26, 27, 

28, 29 & 30) were devised, carried out and 

visualized by Prof. Michael Kracht. M.Samer 

Shaban extensively discussed, checked and re- 

analyzed the entire data set.   

Figure 32 The experiments shown in panels B, C & D 

were performed together with the technician 

Hendrik Weiser. Hendrik Weiser helped perform 

the biological replicas. 

Figure 33 The experiment was performed together with 

Dr. Christin Mayer-Buro. Dr. Mayer-Buro 

helped perform the biological replicas and 

analyzing the data. 

Figure 34 The experiments were performed together with 

Hendrik Weiser and Dr. Christin Mueller. Dr. 

Mueller performed all MERS-CoV and SARS-

CoV-2 infections and plaque assays. Hendrik 

Weiser helped perform the biological replicas of 

the HCoV-229E experiment. 

Figure 36 The experiment was performed together with 

Dr. Christin Mueller. Dr. Mueller performed all 

MERS-CoV infections and plaque assays. 

Figure 37 The experiment was performed together with 

Dr. Christin Mueller. Dr. Mueller performed all 

SARS-CoV-2 infections and plaque assays. 
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