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1 Abstract 

Emerging viruses such as SARS-CoV-2, the infective agent of the current COVID-19 
pandemic, pose a major medical threat to the global population. To counteract these threats with 
rational designed drugs or vaccines, the viral life cycle with its complex interaction network of 
viral and host proteins needs to be studied in all its details. Cellular thermal shift assays 
(CETSA), combined with quantitative mass spectrometry is a useful tool to characterize protein 
interactions in a proteome-wide manner. By comparing CETSA signals of mock-infected cells 
with virus-infected cells, shifts in protein stability can be measured. These shifts can indicate 
specific protein interactions that play a role in the viral life cycle. Here, we used CETSA to 
characterize protein interaction changes in SARS-CoV-2 and Semliki Forest virus infected cells 
at early time points of infection. Using confocal microscopy, we identified several host proteins 
with strong CETSA signals that localize to stress granules. Since the formation of stress 
granules has so far not been observed and thought to be entirely suppressed by the SARS-CoV-
2 N protein, our data provide new insights and a time course to this putative suppression. 
Furthermore, we could show slightly reduced SFV infection in CRISPR/Cas9 knockout cell 
lines of insulin receptor substrate 1 (IRS1) and Staufen1, suggesting a role of these host proteins 
in the SFV life cycle. Host proteins relevant for viral replication could potentially be exploited 
as targets for antiviral therapy. 
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2 Popular science summary 

The current outbreak of the COVID-19 pandemic has challenged us with rapid spreads of 
disease and many deaths worldwide. To limit the spread and to eventually stop the pandemic, 
scientists have developed drugs and vaccines against SARS-CoV-2, the virus responsible for 
the outbreak. While first vaccination attempts seem promising, it is unclear if these can protect 
against future emerging viral variants. Furthermore, the next outbreak of another, maybe even 
more lethal virus, might be on the rise. To be prepared for the fast and rational design of new 
effective drugs and vaccines, scientists need to know as many details about the causative virus 
as possible. Viruses replicate inside living cells, and their life cycle relies on specific 
interactions between proteins of the virus and the host cell. On one side, viral proteins bind 
various cellular proteins to facilitate replication; whereas on the other side, cellular proteins can 
detect viral components to initiate an appropriate immune response to defeat the virus. Proteins 
that are important for viral replication are therefore potential targets for the design of 
pharmaceuticals.  

To study the protein interactions during viral infection, we used a recently introduced method 
called cellular thermal shift assays (CETSA). These assays are based on the detection of protein 
stability changes in the cell when they are exposed to increased temperatures. Usually, a protein 
becomes insoluble and thereby precipitates at its specific melting temperature. Interestingly, 
when it forms a complex with another protein or molecule, it often gets stabilized and melts at 
a higher temperature. The induced shift in the melting temperature can thereby indicate 
interactions with the protein. By comparing CETSA signals of infected cells with non-infected 
cells, interactions of cellular and viral proteins can be measured. Here, we used this approach 
to study protein interactions during infection with SARS-CoV-2 and the mosquito-borne 
alphavirus Semliki Forest virus. By infecting human cell lines with either of the viruses at 
different time points, we were able to quantify thermal shifts in a time-dependent manner. To 
investigate the cellular localization of proteins with strong CETSA signals, proteins were 
labeled with specific antibodies and observed with high-resolution microscopy. For three 
proteins, we could identify changes in their location when cells were infected with SARS-CoV-
2. We found that the proteins localize to certain foci in the cytosol, called stress granules, which 
have so far not been observed in SARS-CoV-2 infected cells. As stress granules are part of the 
initial cellular immune response against the virus, its protein components could potentially be 
targeted by drugs. Another way of testing the contribution of individual proteins with strong 
CETSA signals on the viral replication was to delete the gene, encoding the respective protein. 
Using the latest CRISPR/Cas9 technology, we constructed cells that carried these gene 
deletions and tested their importance for the viral life cycle by comparing them to the infection 
in wildtype cells. As we observed decreased infections in two knockout cell lines, the respective 
proteins might play a role during infection. Proteins that are relevant for the infectious life cycle 
offer potential targets for antiviral therapy.  

 

3 Key words 

CETSA, protein interactions, stress granules, SARS-CoV-2, Semliki Forest virus, insulin 
receptor substrate 1, Staufen1 
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4 Introduction 

Emerging viruses have always been a threat to human life, most recently exemplified by 
outbreaks of HIV, Ebola virus and several coronaviruses. In addition, vector-borne viruses pose 
an underestimated risk to our rapidly growing global population (Reperant and Osterhaus, 
2017). Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the infective agent of 
the ongoing COVID-19 pandemic has challenged us with rapid spreads all over the world, 
forcing the implementation of drastic measures and lockdowns in many countries. At the same 
time, several mosquito-borne arthritogenic alphaviruses are a predicted global threat, as shown 
by the explosive and widespread outbreaks of chikungunya virus between 2006 and 2019  (Levi 
and Vignuzzi, 2019; Zaid et al., 2020).  

To counteract these threats with the rational design of antiviral drugs or vaccines, knowledge 
of the viral life cycle is essential. Especially RNA viruses are important research subjects as 
they often cause severe disease in humans. The viral life cycle can be characterized by a variety 
of virus-virus and virus-host protein interactions for manipulation and reprogramming of 
cellular pathways and successful viral replication. Already at the beginning of the infectious 
life cycle, the viral entry into the host cell, specific interactions of proteins on the virion surface 
and distinct host receptors are crucial for the viral invasion (Maginnis, 2018). Different viruses 
have evolved diverse and often unique mechanisms to hijack host factors to promote viral 
replication and production of progeny virions (Nagy and Pogany, 2012).  

SARS-CoV-2 is closely related to the previously emerged SARS-CoV and causes severe 
respiratory disease, especially in the elderly population (Hu et al., 2021). SARS-CoV-2 is an 
enveloped, positive-sense single-stranded RNA virus with a 30kb genome. The virion is 
composed of the four structural proteins: nucleocapsid (N), envelope (E), membrane (M) and 
spike (S). The spike protein specifically binds to the host cell receptor angiotensin converting 
enzyme 2 (ACE2) and facilitates virus entry. After the release of the genomic RNA into the 
cytoplasm, ORF1a and ORF1b, representing the first two-thirds of the genome, are translated 
by the host ribosome into the two polyproteins pp1a and pp1ab. Viral proteases process these 
polyproteins into the sixteen non-structural proteins nsp1-nsp16. Proteins from both ORFs are 
necessary for the replication of the full-length genomic RNA and the transcription of 
subgenomic RNA. The subgenomic RNA is derived from the last third of the genome and 
encodes the structural proteins for the assembly of new virions (V’kovski et al., 2021).  

Semliki Forest virus (SFV) is a member of the alphavirus genus and a close relative to the 
highly pathogenic chikungunya virus. The virus is transmitted to vertebrates by mosquitoes and 
causes acute encephalitis in mice (Fazakerley, 2002). SFV is a widely used model virus in the 
laboratory since it does not show much harm for humans with only one reported fatal case 
(Willems et al., 1979). Alphaviruses are enveloped viruses with a positive-sense single-stranded 
RNA genome of 12kb size. The virion is composed of capsid proteins that are in direct contact 
with spikes, forming trimers of E1/E2 heterodimers (Strauss and Strauss, 1994). For the viral 
entry into the cell, E2 is responsible for the host receptor engagement, triggering clathrin-
mediated endocytosis of the virion. The specific entry receptors can differ between 
alphaviruses, often involving the binding of multiple host factors (Holmes et al., 2020). Upon 
acidification in the endosomal compartment, E1 mediates the membrane fusion for the release 
of the nucleocapsid into the cytosol and delivery of the viral RNA. The alphavirus genome 
encodes two open reading frames (ORFs). The first ORF is translated into the polyprotein 
P1234, which is processed to the nonstructural proteins nsP1-nsP4. The nsPs mediate the 
replication of the full genomic RNA and the subgenomic RNA. From ORF 2, the subgenomic 
RNA is generated, which encodes the structural polyprotein. Proteolytic processing yields the 
capsid protein, E3, E2, E1 and 6K, which together build new virions (Jose et al., 2009).  
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Apart from RNA replication, the nsPs interact with various host proteins to manipulate and 
reprogram the host cell, promoting viral replication and suppressing the host cell’s immune 
response (Vidalain and Tangy, 2010). One of the strategies how SFV and other alphaviruses 
promote replication in host cells is to manipulate the cell’s metabolism to a more anabolic state 
(Van Huizen and McInerney, 2020). Activation of the central cell-cycle regulating PI3K-AKT 
pathway by the interaction of nsP3 with the SH2 domain of the phosphatidylinositol-3-kinase 
(PI3K) regulatory subunit p85 has been shown to lead to an increase in glucose metabolism and 
increased fatty acid synthesis. The increased cellular synthesis of metabolites supplies 
important building blocks, necessary for viral replication to high titers (Mazzon et al., 2018). 
The innate immune response is based on the detection of viral components such as dsRNA by 
cellular pattern recognition receptors. This initial molecular interaction leads to the activation 
of transcription factors and the induction of various pro-inflammatory cytokines to stimulate 
adequate antiviral responses (Xu et al., 2020). One of the resulting cell responses is to suppress 
the initiation of ribosomal translation. This leads to the formation of cytoplasmic foci, known 
as stress granules which withhold the for the viral replication essential translation machinery 
(McCormick and Khaperskyy, 2017). In order to replicate sufficiently in the host cell, many 
viruses, including corona- and alphaviruses have evolved effective mechanisms to evade the 
cell’s first line of defense by interfering at different levels (Nelemans and Kikkert, 2019).  For 
example, some alphaviruses, including SFV can disassemble stress granules by the interaction 
of nsP3 with Ras-GAP SH3-domain–binding protein (G3BP), which is an essential cellular 
component for stress granule formation (Panas et al., 2012).  

The molecular events that occur in the host cell during viral infection are based on distinct 
interactions of proteins. Molecular characterization and studies of the factors involved can 
contribute to a better understanding of infection and progression of disease. The traditional 
ways to elucidate protein-protein interactions in the context of viral infections have been by the 
application of affinity purification (Yi et al., 2016), co-immunoprecipitation (Wang et al., 
2017), yeast-two hybrid assays (To et al., 2011) and mass-spectrometry (Greco et al., 2014). 
While these methods are usually restricted to study interactions of a single protein, large scale, 
proteome-wide screens of viral-host interactions can be achieved by gene knockdowns or 
knockouts like genome-wide CRISPR/Cas9 screens (Zhu et al., 2021). However, these screens 
are limited by cell viability of mutants, depend on the complete loss of function of proteins and 
can often only uncover strong phenotypic outcomes. Detailed and transient protein-interactions 
in a time-dependent manner are thereby entirely neglected.  

A recently established tool to study protein-interactions and dynamics in the cell is the cellular 
thermal shift assay (CETSA), which is based on protein stability changes upon ligand binding 
(Molina et al., 2013). Initially, CETSA was introduced by Molina et al. (2013) as a tool to study 
drug target engagement in intact eukaryotic cells. Protein unfolding (denaturation) can be 
thermally induced and illustrated as a melting curve when plotted against the temperature 
(Martinez Molina and Nordlund, 2016). The specific melting temperature (Tm) of a protein can 
change to a higher temperature when a ligand is bound due to protein stabilization in a complex, 
leading to a thermal shift in the curve. This principle does not only apply to purified proteins, 
but also to proteins in intact cells. After exposure of the cells to different temperatures, unfolded 
proteins precipitate in the cell and it is possible to extract and subsequently quantify the 
remaining soluble fraction. The quantified soluble fraction can then be plotted against the 
temperature to make a melting curve for each protein (Martinez Molina and Nordlund, 2016). 
Quantification via mass spectrometry (MS) makes it even possible to examine protein dynamics 
proteome-wide, called thermal proteome profiling (Savitski et al., 2014) or MS-CETSA (Dai et 
al., 2018). Not only drug assays can be performed with MS-CETSA. Instead of drugs, other 
ligands such as other proteins, metabolites, nucleic acids or lipids can induce thermal shifts in 
the melting curve when bound to a protein (Dai et al., 2019). A possible set of interacting 
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ligands is dedicated to each protein, which can be referred to as protein interaction states 
(PRINTS) and determines the activity and function of the protein in the cell (Dai et al., 2019). 
Recently, MS-CETSA was successfully applied to examine protein interaction changes during 
the human cell cycle (Becher et al., 2018; Dai et al., 2018). Using three biological replicates 
and six different heating temperatures during different cell cycle arrest stages, CETSA hits 
revealed significant changes in thermal stability, which indicated interaction state changes for 
over 750 proteins during the cell cycle (Dai et al., 2018). This shows that MS-CETSA offers 
the possibility to monitor the dynamics of proteins, as well as their interacting biomolecules in 
intact cells and can thereby be used to examine other relevant biochemical and cell biological 
mechanisms. Recently, MS-CETSA was used to study the human cytomegalovirus replication 
cycle in primary human fibroblasts (Hashimoto et al., 2020). The authors first illustrated the 
temporal dynamics of already known protein complex partners from various pathways in 24h 
intervals up to 96h post infection by calculating melting curve distances for clustering. 
Furthermore, by comparing MS-CETSA-derived Tm values of proteins from uninfected cells to 
Tm values of infected cells after each time point, they were able to both confirm previously 
known protein interactions and to predict new virus-host protein interactions in detail 
(Hashimoto et al., 2020). 

The aim of this study was to characterize and confirm protein interaction changes identified by 
MS-CETSA during SARS-CoV-2 and SFV infection. First, proteins with strong CETSA signals 
that pointed towards roles during SARS-CoV-2 infection were chosen for analysis by 
immunofluorescence microscopy to observe protein localization changes in infected cells. 
Putative protein interactions and posttranslational modifications were further elucidated with 
the help of additional biochemical methods. Furthermore, individual host factors that were 
assumed to influence the overall viral replication success were chosen for a more detailed 
investigation by conducting infection assays with constructed CRISPR/Cas9 knockout cell lines 
for the respective genes.  
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5 Materials and Methods 

5.1 Cell lines and cell culture 

Human embryonic kidney cells (ATCC-CRL-3216), expressing human angiotensin-converting 
enzyme 2 (HEK-293T-hACE2; transduced in our lab), African green monkey kidney epithelial 
(Vero E6) cells (ATCC-CRL-1586) and human osteosarcoma (HOS) cells (ATCC-CRL-1543) 
were cultured with Dulbecco’s modified Eagle medium (DMEM, Gibco), supplemented with 
10% fetal bovine serum (FBS, sigma) and 1% penicillin-streptomycin-amphotericin B (Gibco) 
at 37°C and 5% CO2 in a humidified incubator. Baby hamster kidney (BHK-21) cells (ATCC) 
were cultured with Glasgow’s MEM (Thermo Fisher), supplemented with 10% FBS, 1% 
penicillin-streptomycin-amphotericin B, 10% tryptose-phosphate broth TPB, 20mM HEPES 
buffer solution (Gibco) and 1% L-Glutamin. Cells were maintained in T75 flasks by sub-
cultivation in a 1:5 ratio every two to three days at around 70% confluency by washing cells 
with calcium/magnesium free PBS (Gibco) and addition of 2ml Trypsin-EDTA solution (Sigma 
Aldrich) until cells were completely dispersed. Cells were resuspended in 8ml fresh culture 
medium and, when needed for experiments, aliquoted in adequate volumes of culture medium. 

5.2 Viruses and viral infections 

SARS-CoV-2 was obtained from (Monteil et al., 2020) and was propagated in Vero E6 cells, 
which were also used for titration by plaque assay. SFV wildtype (WT) stocks were generated 
by the transfection of BHK-21 cells with infectious pCMV-SFV4 as described in (Götte et al., 
2020). SFV-Y369F was rescued by the transfection of BHK-21 cells with pCMV-SFV-Y369F, 
previously constructed in our lab (Mazzon et al., 2018). For lipofectamine transfection, 20µg 
pCMV-SFV-Y369F and 40µl lipofectamine 2000 (Thermo Fisher) were each mixed in 1ml 
Opti-MEM (Gibco), mixed together and incubated 5min at room temperature before adding to 
the confluent cell culture on a 10cm. After 5h incubation at 37°C culture medium was 
exchanged. After 48h, when cytopathic effects were visible, the supernatant containing the virus 
was harvested, filtered with a 0.2µm filter and cryo-conservated. Virus titers were determined 
by a plaque assay (see below). 

For viral infection assays, cells were washed with PBS (supplemented with CaCl2 and MgCl2) 
and infected at the indicated MOI in infection medium (DMEM, supplemented with 0.2% BSA, 
20mM HEPES buffer solution (Gibco) and 1% penicillin-streptomycin) with volumes of 200µl 
for 12-well plates, 750µl for 6-well plates and 2ml for T75 flasks. For mock infection, the same 
infection medium but lacking the virus was used. All samples of the same treatment group were 
incubated for 1h at 37°C/ 5% CO2 under gentle agitation. If indicated, the infection was done 
on ice for simultaneous internalization of virions into the cells. After 1h incubation, infection 
medium was removed and exchanged with fresh culture medium (1ml for 12-well plates, 2ml 
for 6-well plates, 10ml for T75 flasks) to initiate the internalization of virions. Samples were 
incubated at 37°C/ 5% CO2 for the desired infection time until harvest, whereas mock infected 
cells were harvested at the same time as the sample with longest infection or directly after 1h 
on ice for CETSA experiments. All infections with SARS-CoV-2 in the BSL-3 laboratory were 
conducted by Leo Hanke and were fixed for further assays in this study. 

5.3 Cellular thermal shift assay (CETSA) 

For cellular thermal shift assays (CETSAs), 2.1x106 cells (HOS for SFV infection) or 4x106 

cells (HEK293T-hACE2 for SARS-CoV-2 infection) were seeded in T75 flasks one day prior 
to the experiment for each treatment group. Infection was done as described above for the 
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indicated time of infection. For cell harvest, the culture medium was removed, the cells were 
washed with 10ml calcium/magnesium free Hank’s balanced salt solution (HBSS, Gibco) and 
2ml TrypLE trypsin solution (Gibco) were added for 5min. Cells were taken up in 8ml HBSS 
(supplemented with CaCl2 and MgCl2) and centrifuged at 350xg for 4min. Afterwards, the 
pellets were resuspended in 800µl HBSS (supplemented with CaCl2 and MgCl2) and 100µl 
were aliquoted to PCR tubes for each temperature measurement. The PCR tubes were heated 
in a thermocycler (Veriti, Applied Biosystems) to six different temperatures (37°C, 47°C, 50°C, 
52°C, 54°C and 57°C) for 3min and immediately flash frozen in liquid nitrogen. Cells were 
lysed in three freeze-thaw cycles, while 1µl protease inhibitor cocktail (Thermo Scientific) was 
added after the first cycle. For extraction of the soluble fraction, samples were centrifuged at 
21000xg for 20min at 4°C.  

For analysis of CETSA shifts by western blotting, only five temperatures (37°C, 42°C, 45°C, 
47°C, 50°C) were used for heating of the soluble fraction. For harvest, cells were resuspended 
in 500µl HBSS (supplemented with CaCl2 and MgCl2). After extraction of the soluble fraction, 
the samples were directly taken up in 4x NuPAGE LDS sample buffer with 10mM DTT 
(Thermo Fisher) and boiled at 95°C for 10min. 

For CETSA experiments, coupled with mass spectrometry (conducted in Nordlund group), 
CETSAs were performed in the same way, except that three biological replicates (3xT75 flasks) 
were used for each time point of infection.  

5.4 Mass spectrometry and data analysis  

Mass spectrometry for MS-CETSA and the subsequent data analysis was conducted in 
collaboration with the Nordlund lab (manuscript in preparation). 

5.5 Arsenite treatment 

For induction of stress granules, 1ml fresh culture medium containing 0.2 mM sodium arsenite 
was added to the cells in 12-well plats (VWR). After incubation at 37°C and 5% CO2 for 1h, 
cells were washed with 1ml cold PBS twice and fixed for subsequent immunofluorescence as 
stated below.  

5.6 Immunofluorescence staining 

One day prior to infection or arsenite treatment, 2.5x105 cells (HEK293T-ACE2), 1.6x105 cells 
(VeroE6) and 1.0x105 cells (HOS) were seeded in 1ml culture medium on cover slips (VWR) 
placed in 12-well plates (VWR). HEK293T-ACE2 cells were seeded on 50µg/ml Poly-D-Lysin 
(Gibco) coated cover slips for better cell adherence. For fixation, cells were washed in 1ml PBS 
twice and incubated with 500µl 3.7% paraformaldehyde (v/v) in PBS at RT for 10 min. After 
additional washing, cells were permeabilized with 500µl ice-cold methanol at -20°C for another 
10 min. Finally, cells were washed again and blocked with 500µl 5% horse serum (Sigma 
Aldrich) in PBS at 4°C for 1h. Antibodies were dissolved in the blocking solution with the 
dilutions indicated below. Cover slips were placed on 40µl droplets containing primary 
antibodies at room temperature for 1h, washed in PBS ten times and subsequently incubated 
with secondary antibodies under the same conditions. After additional washing, cover slips 
were mounted with vinol mounting medium on microscope slides and stored at 4°C for 
subsequent widefield microscopy or confocal laser scanning microscopy for image acquisition. 
Primary antibodies: rabbit anti-Eri1 (Invitrogen PA5-63143; 1:500), rabbit anti-NIPSNAP2 
(Invitrogen PA5-84582; 1:300), mouse anti-Calnexin (Invitrogen MA3-027; 1:100), rabbit anti-
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ZNF512B (Invitrogen PA5-52325; 1:300), rabbit anti-RPS28 (Invitrogen PA5-45721; 1:200), 
mouse anti-RPS6 (Santa Cruz Biotechnology, sc-74459; 1:200), goat anti-TIA1 (Santa Cruz 
Biotechnology, sc-1751; 1:100), mouse anti-G3BP1 (Santa Cruz Biotechnology, sc-365338; 
1:250) and mouse anti-dsRNA (J2 Scicons, RNT-SCI-10010200; 1:500). Secondary antibodies: 
Alexa Fluor 488 (Invitrogen A21206 and A21202; 1:500), Alexa Fluor 568 (Invitrogen A11057 
and A10037; 1:1000) and Alexa Fluor 647 (Invitrogen A31571; 1:500). Cell nuclei were stained 
with Hoechst (Invitrogen; 1:1000) and SARS-CoV-2 spike glycoprotein was labeled using an 
Abberior Star 635P-azide conjugated nanobody (Ty1-AS635P; 0.5µg/ml) (Hanke et al., 2020). 

5.7 Confocal microscopy 

For confocal laser scanning microscopy, a Zeiss LSM-800 Airyscan microscope, equipped with 
a Zeiss Plan-Apochromat 63x/1.40 Oil DIC, infinity/0.17 objective (WD= 0.19mm), solid state 
lasers (405nm, 488nm, 561nm, 640nm) and GaAsp detectors with ZEN blue 2 acquisition 
software was used. Image acquisition settings and, if necessary, later brightness adjustments 
were kept the same for all channels among samples for comparison between treatment groups. 
Image brightness was adjusted, and figures were compiled using FIJI (FIJI Is Just ImageJ 
1.53c). 

5.8 Preparation of infected cell lysates for SDS page and western blotting 

One day prior to infection, 1x106 cells (HEK293T-hACE2 cells) or 3x105 cells (HOS cells) 
were seeded in 2ml culture medium into 6-well plates (VWR). After viral infection (see above), 
cells were harvested while being kept on ice by washing with 1ml cold PBS (supplemented 
with CaCl2 and MgCl2) and addition of 100µl lysis buffer (20mM HEPES, 110mM potassium 
acetate, 2mM MgCl2, 0.1% Tween-20, 1% Triton X-100, 0.5% sodium deoxycholate, 500mM 
NaCl) supplemented with protease inhibitor. After incubation for 10min on ice, cells were 
scraped with a cell scraper and taken up in an Eppendorf tube. Cells were additionally lysed by 
sonication for 10 min in ice-cold water and incubated under rotation at 4°C for 30min. After 
centrifugation at 10000xg for 10min, 60µl supernatant were transferred into fresh Eppendorf 
tubes containing 4x LDS sample buffer, supplemented with 10mM DTT and boiled at 95°C for 
10min. 

For preparation of cell lysates for SDS-page on a phos-tag gel, HBS (20mM HEPES, 150mM 
NaCl, pH 7) was used to wash the cells instead of PBS to remove phosphate and EDTA from 
the samples. Additionally, phosphatase inhibitor was added to the lysis buffer for cell harvest. 

5.9 SDS-Page and western blot 

Samples were taken up in 4x NuPAGE LDS sample buffer, supplemented with 10mM DTT 
(Thermo Fisher) and boiled at 95°C for 10min. Afterwards, 10µl sample were loaded on a 
NuPAGE 4-12% Bis-Tris 1.0mm mini protein gel (Thermo Fisher) together with 5µl SeeBlue™ 
Plus2 Pre-stained Protein Standard. For CETSA experiments, the loaded sample volume was 
increased to 30µl due to low concentration of the targeted protein. The gel was run at 100V, 
400mA for 1.5h in NuPAGE MES SDS running buffer (Thermo Fisher). For transfer of the 
protein IRS1, a wet transfer was performed using a methanol-activated 0.45 µm PVDF 
membrane (Bio-Rad) and Tris-Glycine transfer buffer with 20% methanol in a Mini protean II 
transfer box. The transfer was conducted at 150V and 400mA for 2h in a box filled with ice. 
Low molecular weight proteins were transferred with a semi-wet transfer using the Trans-Blot 
Turbo Transfer System (Bio-Rad) with transblot transfer buffer (Bio-Rad) according to the 
manufacturer’s protocol. 
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For detection of protein phosphorylation states a SuperSep Phos-tag (50µmol/L), 
100x100x6.6mm polyacrylamide gel (Fujifilm) was used together with Tris-Glycine running 
buffer (Thermo Fisher). After the run, the gel was calibrated by washing 6x 5min in transblot 
transfer buffer (Bio-Rad) with 10mM EDTA and subsequently in only transfer buffer once for 
10min. The transfer was done with a semi-wet transfer and a nitrocellulose membrane. 

After transfer, the membrane was blocked with 5% non-fat dry milk Tris-buffered saline with 
0.05% Tween-20 (TBST) for 1h. Primary antibodies were diluted in 2ml 2% BSA in TBST at 
the below indicated concentrations and membranes were incubated in sealed plastic pockets, 
rotating at 4°C overnight. After incubation, the membrane was washed 3x 5min in TBST and 
stained for 1h with secondary antibodies, which were diluted in 5ml 2% BSA in TBST at the 
below indicated concentrations. Subsequently, secondary antibodies were washed off 3x 5min 
with TBST. The membrane was developed using SuperSignal West Pico PLUS 
Chemiluminescent Substrate (Thermo Fisher) and a ChemiDoc XRS+ imaging system (Bio-
Rad) for chemiluminescence detection. For image acquisition and quantification of protein 
bands, imaging software package Image Lab (Bio-Rad) was used. The quantity of bands was 
determined using the volume tool with the local subtraction method.  

Primary antibodies: mouse anti-GAPDH (Santa Cruz Biotechnology sc-47724, 1:1000); rabbit 
anti-RPS28 (Invitrogen PA5-45721, 1:200); rabbit anti-IRS1 (Proteintech 17509-1-AP, 1:250); 
rabbit anti-ZCCHC3 (Invitrogen PA5-113936, 1:500); rabbit anti-Staufen1 (Genetex 
GTX106566, 1:1000). Secondary antibodies: HRP-conjugated anti-mouse (Sigma A9044; 
1:10000); HRP-conjugated anti-rabbit (Cell Signaling; 1:10000). 

5.10 Plaque assay 

For determination of virus titers, 12-well plates with confluent BHK-21 cells were infected with 
ten-fold serial dilutions of the virus stock in 150µl infection medium. After 1h at 37°C/5% CO2 
and frequent manual shaking, the inoculum was removed and exchanged with 1ml of a 0.8% 
agarose overlay, composed of 50% DMEM and 50% supplemented cell culture medium. After 
36h in the incubator, 1ml 10% formaldehyde was added to each well and incubated overnight. 
The next day, the agarose overlay was removed, and wells were washed with water. Afterwards, 
1ml crystal violet was added to the wells for 10min, removed and wells were washed three 
times with water. Subsequently, plaques were counted and the average plaque forming units 
per ml were calculated for the respective dilutions. 

5.11 Flow cytometry 

For flow cytometry, approximately 5x105 cells were harvested by washing with 500µl calcium 
and magnesium free PBS and addition of 300µl TrypLE trypsin solution (Gibco). After 5 
minutes in the incubator, cells were resuspended in 400µl culture medium and mixed 1:1 with 
8% formaldehyde for another 20min incubation at room temperature. Cells were centrifuged at 
500xg for 5 min and the pellet was resuspended in 200µl FACS buffer (2% FBS, 5mM EDTA, 
0.02% NaN3 in PBS) for storage at 4°C overnight. The next day, cells were resuspended in 
FACS permeabilization buffer (0.1% saponin, 2% FBS, 5mM EDTA, 0.02% NaN3 in PBS). 
After another centrifugation at 300g for 5 min, cells were stained with 100µl FACS 
permeabilization buffer containing mouse anti-dsRNA antibodies (J2 Scicons, RNT-SCI-
10010200; 1:500) and incubated for 45min at room temperature. Afterwards, cells were washed 
three times in 200µl FACS permeabilization buffer, stained with secondary antibodies (Alexa 
Fluor 647 (Invitrogen A31571; 1:500) the same way as for primary antibodies and washed three 
times. Finally, cells were resuspended in a total volume of 400µl FACS buffer in FACS tubes 
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(Falcon). Fluorescence was quantified using a BD FACSCelesta flow cytometer and data was 
analyzed using FlowJo V10.7.1. 

5.12 Construction of CRISPR/Cas9 knockout cell lines 

For the construction of stable knockout cell lines, the CRISPR/Cas9 system was delivered as 
ribonucleoprotein complexes, reducing off-target effects (Kim et al., 2014). For deletion of 
IRS1, sgRNAs were designed using the CHOP-CHOP guide RNA tool 
(https://chopchop.cbu.uib.no/), targeting the N-terminal exons of the gene. Target sequence 
with underlined PAM sequence: IRS1 (5’-TCTCGTTCTCGTAGTACTCGAGG-3’). 
Likewise, ZCCHC3 was targeted with 5’-AGGGCGAATTCCGCGAGCCGCGG-3’ as in 
(Lian et al., 2018a) and Staufen1 was targeted with 5’-TTTGTGACCAAGGTTTCGGTTGG-
3’ as in (Chen et al., 2019). One day prior to transfection, HOS-WT cells were seeded in 24-
well plates at densities of 4x104 cells per well in 0.5ml filtered culture medium. Before 
transfection, cells were washed with PBS (supplemented with CaCl2 and MgCl2) and 0.5ml 
fresh, filtered culture medium was added. For assembly of ribonucleoprotein complexes, 
7.5pmol Cas9 protein (Invitrogen, A36498) and 7.5pmol sgRNAs (Invitrogen TrueGuide 
gRNAs, A35534) were mixed with 2.5µl lipofectamine Cas9 plus reagent (Invitrogen, 
CMAX00003) and 25µl Opti-MEM I Reduced Serum medium (Gibco) in RNAse free 1.5ml 
tubes. Afterwards, a mix of 25µl Opti-MEM I Reduced Serum medium and 1.5µl lipofectamine 
reagent (Invitrogen, CMAX00003) was added to the tube, mixed, incubated for 10min and 
subsequently added to the cells. After 48h at 37°C in the incubator, limiting dilution was 
performed to obtain single cell clones. Ten 96 well plates were seeded with 0.8 cells/ well in 
100µl filtered culture medium, supplemented with 20% FBS. After 6 days in the incubator, 
plates were screened for single colonies, originated from a single cell. Positive colonies were 
further cultured with weekly exchange of culture medium and dispersed with trypsin when 
grown to colonies of around 200 cells. When the cells were confluent, they were expanded in 
bigger wells and verified when confluent in 6-well plates. For verification, cells were lysed and 
analyzed by western blot, using specific antibodies as described above. Positive clones were 
additionally verified by PCR and sanger sequencing as described below. 

5.13 Amplification and sanger sequencing of genomic DNA loci 

Genomic DNA was extracted from approximately 1.2x106 HOS cells using a PureLink 
Genomic DNA mini kit (Invitrogen). Each polymerase chain reaction was conducted in 50µl 
volume using 0.5µl Phusion high fidelity DNA polymerase (New England biolabs), 10µl 
Phusion high fidelity 5x buffer, 1µl 10mM dNTPs, 1µl 10µM of the respective forward and 
reverse primer, approximately 100ng template DNA and water. The PCR was conducted in a 
thermocycler (Veriti, Applied Biosystems) at the following temperatures: denaturation at 98°C 
for 2min; 30 cycles at 98°C for 10s, 57-68°C for 30s, 72°C for 1min; 72°C for 5min. PCR 
products were confirmed by gel-electrophoresis with a 1% agarose gel with TAE buffer and 
cleaned with a PureLink PCR purification kit (Thermo Fisher). For the Staufen1 locus, the 
desired bands were cut from the gel and cleaned with a GeneJet gel extraction kit (thermo 
fisher). PCR products were sent to Eurofins genomics for Sanger sequencing with the respective 
primers. Alignments of sequencing data and reference sequences were done with Jalview 
2.11.14.  

The following primers were used for amplification of target gene loci: Staufen1 (Fw: 5’-
GCCTGACTGTTTGGGACTCA-3’; Rv: 5’-CTGTTATTTCACCACGCGCC-3’), IRS1 (Fw: 
5’-GTGGATTTCAGAGTCGGGGTTTC-3’; Rv: 5’-TCACTTGCCAGACCTCTTTGAATG-
3’). 
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6 Results 

6.1 CETSA of SARS-CoV-2 infected cells 

For the characterization of protein interaction state changes upon SARS-CoV-2 infection, MS-
CETSA was conducted by our research group, using a human ACE2 expressing HEK293T cell 
line. The experiment was done in biological triplicates by infection of cells at an MOI of 0.7, 
as schematically illustrated in Figure 1A. To synchronize the internalization of virions, the viral 
inoculum was added to the cells on ice for 1h. Directly afterwards, a time zero sample was 
harvested, while the other samples were supplied with fresh DMEM for incubation at 37°C for 
0.5h, 1.5h, 4h and 8h until cell harvest. Subsequently, samples were heated to temperatures 
between 37°C - 57°C to induce protein precipitations at the individual melting temperatures. 
After extracting the soluble fraction from cell lysates, peptides were digested and labeled by 
TMT-pro16 for analysis by mass-spectrometry. By defining the 0h time point as a reference, 
the relative soluble fraction of proteins in the cell indicated changes in protein abundance and 
protein stability during viral infection. Protein abundance changes were defined by changes of 
the 37°C measurement sample, similar to the cell’s native state. Changes in protein stability, 
which indicate protein interactions, were defined by a positive or negative change in the melting 
behavior at all other temperature points. For all detected proteins, these relative soluble 
fractions were plotted in a log2-fold change scale for all time points and each individual 
temperature, which is known as integrated modulation of protein interaction states- CETSA 
(IMPRINTS-CETSA) as described in (Dai et al., 2019). To exclude CETSA signals of proteins 
that may be due to temperature or media changes rather than due to SARS-CoV-2 infection, the 
experiment was also conducted with mock infected cells. Proteins that showed strong changes 
in the mock experiment were not considered. In total, 4200 proteins were detected and 
successfully identified by MS. Already during the first 0.5h of infection, over 100 of these 
proteins showed strong CETSA shifts (Figure 1B). Most of these shifts were shifts in protein 
stability. The same trend was evident 1.5h and 4h post infection, with over 200 proteins that 
showed shifts in thermal stability. After 8h infection, over 2000 proteins showed changes in 
either stability, abundance, or a combination of both. Since almost half the proteome showed 
strong CETSA signals 8h post infection, this last time point was excluded from further analysis. 
The rest of the by MS detected proteins did not show a strong CETSA signal, as representatively 
illustrated for ubiquilin-4 (Figure 1B). Viral proteins could first be detected in their abundance 
at 4h post infection (Figure 1C).  

For further detailed mechanistic analysis, we selected proteins based on two criteria: I) strong 
CETSA signal up to 4h post infection, and II) SARS-CoV-2 host factors that have been reported 
in the literature. 
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Figure 1: The cellular thermal shift assay with SARS-CoV-2 infected cells. A: experimental setup of the 
conducted MS-CETSA. HEK293T-hACE2 cells were infected in triplicate with SARS-CoV-2 at a MOI of 0.7 for 
each time point. Cells were harvested at indicated time points and heated to six different temperatures. After lysis, 
the soluble fraction was extracted, peptides were digested and labelled for mass-spectrometry quantification. Data 
was aligned to databases and analyzed for plotting of IMPRINTs. The figure was illustrated with Biorender.com 
and inspired from (Dai et al., 2018). B: number of proteins with strong MS-CETSA signals during SARS-CoV-2 
infection, categorized in abundance changes, stability changes and a combination of both. C: Example of an 
IMPRINT of the SARS-CoV-2 spike glycoprotein. All MS-CETSA measurements, including data analysis and 
figure generation was conducted by our research group prior to this study. D: IMPRINT of ubiquilin-4, as an 
example of a protein that did not show any significant CETSA shifts upon SARS-CoV-2 infection. 

 

6.2 Analysis of CETSA hits in SARS-CoV-2 infected cells by immunofluorescence. 

To confirm the observed CETSA signals for individual proteins and to discover possible 
changes in cellular localization during infection, we analyzed candidate proteins by 
immunofluorescence microscopy. We selected 15 proteins based on strong CETSA signals 
within the first 4 hours of infection and previously reported SARS-Cov-2 host factors. 
HEK293T-hACE2 cells were infected with SARS-CoV-2 at a MOI of 0.7 and fixed 6h post 
infection for immunofluorescence staining with specific antibodies and the subsequent analysis 
by confocal laser scanning microscopy. Because the HEK293T cells grow in patches and in 
different z-axis levels, they are not ideal for microscopy. To obtain better pictures, the 
experiment was conducted in independent experiments with the VeroE6 cell line for better 
visualization by microscopy. For staining of SARS-CoV-2 infected cells, an anti-dsRNA 
antibody or a 635P-azide conjugated nanobody against SARS-CoV-2 spike glycoprotein 
(Hanke et al., 2020) were used. Infection could be detected at the earliest 4h post infection by 
anti-dsRNA staining (Figure 3B) and 6h post infection by labeling of the spike protein (Figure 
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2B). Out of all tested candidate proteins, changes in the cell during SARS-CoV-2 infection were 
successfully identified for three proteins. For the other 12 proteins, we could not detect any 
visible changes by microscopy after SARS-CoV-2 infection. 

Three host factors that have previously been reported to be linked to viral infection showed 
strong CETSA signals within the first 4 hours of infection. Nipsnap Homolog 2 (NIPSNAP2) 
is a mitochondrial matrix protein that has been found to recruit receptor proteins together with 
NIPSNAP1 to induce mitochondrial autophagy (Princely Abudu et al., 2019). Both proteins 
showed stability changes at all time points in a similar pattern, but slightly stronger for 
NIPSNAP2, which is why it was chosen for immunofluorescence analysis (Figure 2A). The 3’-
5’exoribonuclease 1 (Eri1) is an RNA exoribonuclease which binds to and processes histone 
mRNAs and other RNAs in the cytoplasm (Thomas et al., 2014) and has recently been shown 
to be co-opted by Influenza A virus, promoting viral transcription in the nucleus (Declercq et 
al., 2020). In our dataset, Eri1 showed stability changes at all time points (Figure 2A), indicating 
interactions with other molecules. Another protein with strong stability changes during the first 
4h that was chosen for analysis by immunofluorescence microscopy is calnexin (Figure 2A). 
Calnexin is a chaperon protein in the endoplasmic reticulum that interacts with E1/E2 
glycoproteins of rubella virus (Nakhasi et al., 2001) and spike glycoprotein of SARS-CoV 
(Fukushi et al., 2012), being responsible for essential maturation and infectivity. Despite strong 
CETSA signals, we could not detect any visible changes by immunofluorescence microscopy 
for these three or the additional nine proteins (Figure 2B), suggesting that the measured stability 
changes do not translate in localization changes for these proteins.  

In contrast, three of the selected proteins with strong CETSA signals (Figure 3A) showed 
localization changes in the cell that were only visible in SARS-CoV-2 infected cells. The in the 
cell colocalizing small ribosomal subunit proteins RPS28 and RPS6, as well as the Zinc Finger 
Protein 512B (ZNF512B) showed cytosolic foci in probably early infected cells that were in 
close proximity to approximately 6h infected neighbor cells (supplements Figure 11). 
ZNF512B, which showed strong stability changes at all time points, is a poorly characterized 
nuclear protein that is possibly involved in cell cycle regulation, modulation of miRNA levels 
and TGF-beta signaling (Iida et al., 2011; Tili et al., 2010).  

Since the cytosolic foci in early infected cells suggested stress granule formation, cells were 
analyzed again at earlier time points, including 1h and 4h post infection, in a synchronized 
infection assay. To test if these foci were indeed stress granules, cells were co-stained with the 
widely used stress granule marker protein TIA1 (Reineke and Lloyd, 2013). Interestingly, TIA-
1 showed similar strong CETSA signals as the other candidate proteins at early infection time 
points (Figure 3A). Both ZNF512B and RPS28 colocalized to cytosolic foci together with TIA1 
4h post infection in HEK293T-hACE2 (supplements Figure 13) and VeroE6 cells (Figure 3B), 
indicating localization to stress granules. In HEK293T-hACE2 cells, these foci could even be 
shown at the early time point of 1h post infection (supplements Figure 12), while they were 
absent in the VeroE6 cell line. Since the formation of stress granules has so far not been reported 
in SARS-CoV-2 infected cells, the here observed foci were additionally confirmed to be stress 
granules by antibodies for a second well-established stress granule marker protein G3BP1 
(Reineke and Lloyd, 2013) together with TIA1 (Figure 3B, supplements Figure 12, Figure 13). 
At both 1h and 4h post infection, stress granules with a strong colocalized anti-G3BP1 and anti-
TIA1 immunofluorescence signal were present in the cytosol of around 10% of the examined 
cells on the cover slip. Notably, all of these cells were positively stained for infection by anti-
dsRNA antibodies (Figure 3B). However, no stress granules were present in individual cells at 
later infection stages around 6h post infection, which are indicated by a strong anti-dsRNA 
signal (supplements Figure 11). To test if the proteins would also localize to stress granules in 
the absence of viral infection, we tested their presence in aresenite-induced stress granules. Both 
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cell lines were treated with 0.2 mM sodium arsenite for 1h to induce stress granules. ZNF512B 
showed slight localization to stress granules in arsenite-treated VeroE6 cells (Figure 3B) and 
very clear localization in HEK293 cells (supplements Figure 13). However, only slight 
colocalization with TIA1 labeled stress granules could be shown for RPS28 and RPS6 in the 
arsenite-treated HEK293-ACE2 cells (supplements Figure 13). Since ZNF512B has so far not 
been reported as a protein that localizes to stress granules, the experiment was conducted with 
an additional specific antibody (PA5-31640) against ZNF512B to confirm these findings. 
However, ZNF512B did not localize to TIA-1 labeled cytoplasmic foci 4h post SARS-CoV-2 
infection as observed in the previous experiments (data not shown). The real localization of the 
protein in the cell is therefore to be interpreted based on the antibody specificity and requires 
further investigation.  

In total, we identified three proteins with strong CETSA signals to undergo cellular changes 
during SARS-CoV-2 infection using immunofluorescence microscopy. For the first time, stress 
granules could be shown in SARS-CoV-2 infected cells at early time points of 1h and up to 4h 
post infection in a synchronized infection assay. Importantly, we also showed that stress 
granules disappeared during later infection stages at 6h post infection. 

 

 

Figure 2: Not all strong CETSA signals imply protein localization changes. A: IMPRINTs of three selected 
proteins with strong CETSA signals. B: Immunofluorescence analysis of proteins with strong CETSA signals. 
VeroE6 cells were either mock-infected or infected with SARS-CoV-2 at a MOI of 1. After 6h cells were fixed and 
(from left to right) stained for NIPSNAP2 (green), dsRNA (red); Eri1 (green), dsRNA (red); calnexin (green), 
SARS-CoV-2 spike glycoprotein (red). Nuclei were visualized with Hoechst (blue). Shown are representative 
images of one experimental setup, acquired by confocal laser scanning microscopy. Scale bar: 10µm. 
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Figure 3: Several proteins with strong CETSA signals localize to stress granules 4h post SARS-CoV-2 infection. 
A: IMPRINTs of proteins with strong CETSA signals that localized to stress granules upon SARS-CoV-2 infection. 
B: Immunofluorescence microscopy images showing stress granule formation upon SARS-CoV-2 infection. 
VeroE6 cells were either mock-infected or infected with SARS-CoV-2 at a MOI of 1 in a synchronized infection 
assay. Cells were fixed 4h p.i. and after arsenite treatment (0.2mM for 1h) and (from upper left to lower right) 
stained for ZNF512B (green), TIA1 (red), dsRNA (blue); RPS28 (green), TIA1 (red), dsRNA (blue); RPS28 (green), 
RPS6 (red), SARS-CoV-2 spike glycoprotein (blue); G3BP1 (green), TIA1 (red), SARS-CoV-2 spike glycoprotein 
(blue). Shown are representative images of one experimental setup, acquired by confocal laser scanning 
microscopy. Scale bar big images: 10µm. Scale bar insets: 5µm.  
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6.3 Phosphorylation state of RPS28 in SARS-CoV-2 infected cells. 

The ribosome is responsible for protein biosynthesis in the cell. As viruses depend on the host 
ribosome to translate viral proteins (Li, 2019), the ribosomal subunit components are likely to 
display thermal shifts during infection. All components of the 40s small ribosomal subunit 
showed similar CETSA signals (Figure 4A), which indicates that the ribosome precipitates 
together as one unit with increasing temperatures. The stability changes were observed during 
the first 4h of infection, which might be explained by the translation of the viral proteins. 
Another explanation is the inhibition of ribosomal translation of host proteins by viral proteins 
that are abundant 4h post infection, as illustrated for the viral spike protein (Figure 1C). Indeed, 
multiple studies showed that the 40s ribosomal subunit gets bound by the SARS-CoV-2 protein 
NSP1, preventing ribosomal translation of host proteins (Lapointe et al., 2021; Schubert et al., 
2020; Thoms et al., 2020; Yuan et al., 2020). Interestingly, the IMPRINT of the small ribosomal 
subunit protein RPS28 showed distinct temperature shifts that differed from the profile of RPS6 
and all other ribosomal proteins (Figure 4A). As experimentally shown above, RPS28 and RPS6 
colocalized in the cell and both proteins localized to stress granules upon SARS-CoV-2 
infection, suggesting that RPS28 is still part of the 40s complex during viral infection. To obtain 
information about possible protein modifications, which might explain the observed CETSA 
signals, RPS28 was elucidated in more detail. Recently, an MS-based phosphoproteomics study 
(Bouhaddou et al., 2020) detected phosphorylation of RPS28 at Ser4 during SARS-CoV-2 
infection.  

Since this might indicate modifications by viral proteins, the phosphorylation state of RPS28 
was tested in lysates of HEK293T-hACE2 cells 4h post SARS-CoV-2 infection at a MOI of 0.7 
and compared to lysates of mock-infected cells by using a phos-tag gel, followed by western 
blotting with specific antibodies (Figure 4B). Both virus- and mock-infected samples showed 
bands for phosphorylated RPS28 (P-RPS28) that were only present after SDS-page with the 
phos-tag gel, but not after a simultaneously conducted conventional SDS-page with the same 
conditions and lysates (Figure 4C). Relative quantification of each P-RPS28 band to the 
respective RPS28 band showed no difference between SARS-CoV-2 and mock-infected 
samples with averages of 0.20 (n=3) and 0.25 (n=4), respectively (Figure 4B). In summary, we 
could not detect a difference in the phosphorylation state of RPS28 at 4h post infection, 
suggesting that the RPS28 interaction state change is caused by another interaction or 
posttranslational modification. 
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Figure 4: Phosphorylation state of RPS28 in SARS-CoV-2 infected cells. A: representative CETSA IMPRINTS 
of proteins of the 40s ribosomal subunit, including RPS28. B: Western blot showing RPS28 and phosphorylated 
RPS28 (P-RPS28) after SDS-page of HEK293-ACE2 cell lysates 4h post SARS-CoV-2 infection and mock 
infected cells using a phos-tag gel. The membrane was blotted with anti-RPS28 antibodies and subsequently with 
anti-GAPDH antibodies as a loading control. Each lane shows one biological replicate for each treatment group 
(n=3). Numbers below the lanes indicate the relative quantity of P-RPS28 compared to RPS28 of each sample. 
C: Western blot after SDS-page using a polyacrylamide gel as a control. The same cell lysates and antibodies as 
in A were used as a verification of P-RPS28 bands due to phos-tag SDS page. M: marker. 
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6.4 CETSA of Semliki Forest virus infected cells 

To investigate protein interaction state changes in response to SFV infection, MS-CETSA 
experiments were conducted in our research group, similarly as described above for SARS-
CoV-2 infected cells. Human osteosarcoma cells (HOS) were infected at a MOI of 2 and cells 
were harvested 0h, 2h and 6h post SFV infection. After heating to six different temperatures, 
quantification of the soluble protein fraction, and data analysis analogous to the SARS-CoV-2 
dataset, over 50 proteins showed CETSA shifts during the first 2h of infection (Figure 5A). 
Proteins showing shifts in stability were thereby slightly more present than changes in 
abundance. After 6h infection, over 300 proteins showed shifts in thermal stability, whereas 
only around half this many proteins showed abundance shifts at this time point. Viral proteins 
were abundant above the arbitrary cutoff value 6h post infection, as illustrated for the SFV nsP3 
protein (Figure 5B). 

 

 

Figure 5: MS-CETSA of SFV infected HOS cells. HOS cells were infected in triplicate at a MOI of 2, cells were 
harvested 0h,2h and 6h post infection and heated at six different temperatures. After lysis, the soluble fraction was 
extracted, peptides were digested and labelled for mass-spectrometry quantification. Data was aligned to 
databases and analyzed for plotting of IMPRINTs. A: number of proteins with strong MS-CETSA signals during 
SFV infection, categorized in abundance changes, stability changes and a combination of both. B: Example of an 
IMPRINT of the SFV non-structural protein 3 (nsP3). All MS-CETSA experiments, including data analysis was 
conducted by our research group prior to this study. 

 

6.5 Interaction states of IRS1 during SFV infection 

Insulin receptor substrate 1 (IRS1) showed strong CETSA signals at 2h and 6h post infection 
(Figure 6A), pointing towards protein interaction changes upon SFV infection. IRS1 is a 
cytosolic signaling protein that integrates insulin and insulin growth factor 1 signaling by 
getting tyrosine-phosphorylated (Myers et al., 1993). This phosphorylation induces the binding 
of IRS1 to the SH2 domain of the PI3K regulatory subunit p85, leading to the activation of 
PI3K, its recruitment to the plasma membrane and downstream signaling for metabolic actions 
(Virkamäki et al., 1999). The SH2 domain of p85 specifically recognizes phosphorylated 
YXXM motifs on IRS1, which is responsible for the binding and activation of PI3K (Backer et 
al., 1992). Previous studies have shown that SFV can enhance the cell’s metabolism by 
hijacking and activating the PI3K/AKT pathway, binding the SH2 domain of p85 via its YXXM 
motif in nsP3 (Mazzon et al., 2018). This could suggest that both nsP3 and IRS-1 compete for 
the binding of p85 upon SFV infection. The competition between the two proteins might 
thereby cause higher levels of unbound IRS1 in infected cells. As the free IRS1 is probably less 
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temperature stable than when bound in a complex, this might explain the strong negative 
CETSA signals during infection. To test this hypothesis, we compared CETSA signals during 
infection with SFV WT and an SFV nsP3 YF mutant (Mazzon et al., 2018). A Y369F amino 
acid substitution in the YXXM motif makes nsP3 unable to bind the SH2 domain of p85 so that 
it can no longer activate the PI3K/Akt pathway (Mazzon et al., 2018).  

To generate virus stocks, we transfected BHK cells with pCMV-SFVY369F (Mazzon et al., 
2018) and harvested the virus-containing supernatant after 48h. We determined the titer of the 
rescued virus in plaque assays to be around 200 times lower than titers of the WT virus, which 
is in line with what was reported by Mazzon et al. (2018). To confirm that cells are infected to 
the same extent by both viruses, which was required to compare CETSA signals, we infected 
HOS cells with the respective volume of viral inoculum at an MOI of 15. After fixation and 
staining of infected cells with anti-dsRNA antibodies, flow cytometry analysis showed around 
90% infection with both viruses 6h post infection (Figure 6B). Similarly, cells were infected 
with both viruses to approximately 30% 2h post infection. At both time points, a stronger 
fluorescence signal was observed in the SFV-WT infected cells, illustrated by the shift of the 
curves towards the right side. However, this observation can be neglected for our assay, as the 
stronger signals in the WT only suggest higher levels of dsRNA inside the individual infected 
cells.  

To compare CETSA signals of IRS1 during SFV WT and SFV YF infection, cells were infected 
at the confirmed MOI of 15 and harvested as in our previous MS-CETSA experiments at time 
points of 0h, 2h and 6h post infection. After heating the cells at temperatures specifically 
covering the Tm of IRS1, the soluble protein fraction was extracted and quantified by western 
blot with specific antibodies against IRS1 (Figure 6C, D). To directly illustrate the melting 
behavior of IRS1 in SFV WT or SFV YF infected cells and the respective mock samples, the 
by western blot quantified amount of IRS1 in the soluble fraction was normalized against the 
respective 37°C sample for each temperature. SFV WT samples showed slightly more soluble 
IRS1 than the mock samples at 42°C 2h post infection and no difference to the mock samples 
at all other temperature points (Figure 6E). Additionally, higher relative amounts of IRS1 were 
observed 6h post infection at all temperature points when compared to the mock samples. This 
is in contrast with our MS-CETSA data, where a destabilization of IRS1 at around 47°C was 
observed at 2h and 6h post infection. A very similar melting curve of IRS1 was quantified in 
the SFV YF infected cell lysates (Figure 6F). Thereby, no difference in the IRS1 CETSA signals 
between the SFV WT and SFV YF infected cells could be detected using quantification by 
western blot. To test our hypothesis about the competition of IRS1 and nsP3 for the binding of 
p85, another assay should be conducted, as discussed in detail below. 
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Figure 6: CETSA signals of IRS1 upon SFV WT and SFV YF infection. A: MS-CETSA IMPRINT of IRS1. B: 
ratio of infected HOS cells by SFV WT and SFV YF 2h and 6h post infection. Cells were fixed, stained with anti-
dsRNA antibodies, and quantified by flow cytometry (n=10,000). C: Western blot after CETSA treatment of SFV 
WT infected cells 2h and 6h post infection. D: Western blot after CETSA treatment of SFV YF infected cells 2h 
and 6h post infection under the same conditions as in (C). E: relative amount of IRS1 in the soluble fraction upon 
CETSA treatment of SFV WT infected cells. The amount of IRS1 was quantified by western blot (see C) and 
normalized against the 37°C fraction. F: relative amount of IRS1 in the soluble fraction upon CETSA treatment 
of SFV YF infected cells, under the same conditions as in (E).  

 

6.6 Construction of knockout cell lines using CRISPR/Cas9 

The observed interaction state changes of individual host factors may point towards important 
roles during the viral life cycle in the cell. To test the impact of proteins with strong CETSA 
signals on the viral replication success, knockout cell lines were constructed, which could 
subsequently be tested in viral infection assays. As candidate proteins we chose the previously 
analyzed IRS1, together with two other host factors, ZCCHC3 and Staufen1. Both host factors 
play important roles during infections with other viruses, making them likely to be involved 
during SFV or SARS-CoV-2 infection. ZCCHC3 is a zinc-finger protein that mediates the 
innate immune response against RNA and DNA viruses by sensing viral dsRNA and dsDNA 
(Lian et al., 2018b, 2018a), whereas Staufen1 is an RNA binding protein that has been shown 
to interact with several different viral proteins of many viral groups (Chatel-Chaix et al., 2008; 
Chen et al., 2019; Falcón et al., 1999; Fang et al., 2018; Hanke et al., 2013). Both during SFV- 
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and SARS-Cov-2 infection, these host factors showed strong CETSA signals, indicating protein 
interactions that may be of importance during the viral life cycle (Figure 8A, B; Figure 9A, B).  

To test their impact on viral infection, we generated knockout cell lines using CRISPR/Cas9-
based gene editing. We transfected HOS cells with purified sgRNA/Cas9 ribonucleoprotein 
complexes, targeting the gene of interest. Considering the minimal off-target effects with this 
approach of Cas9 delivery (Kim et al., 2014), we aimed to generate stable cell lines that can be 
used for subsequent infection assays. After transfection and seeding of single cell clones by 
limiting dilution, clonal colonies for each candidate gene were successfully propagated. To 
verify knockouts, clonal cell lysates were analyzed by western blot, where approximately 30% 
of the tested clones showed the loss of the respective target protein, indicating functional gene 
knockouts (supplements Figure 14A-C). Genomic DNA was extracted from positive IRS1 
knockout clones and PCR amplified target loci were sequenced using Sanger sequencing to 
obtain information about allelic editing events. A homozygous knockout of IRS1 was achieved 
in clone 3 (supplements Figure 14A) by the deletion of 2 nucleotides adjacent to the PAM 
sequence of the targeting sgRNA (Figure 7C). This frameshift mutation can be assumed to be 
present in both IRS1 alleles since no protein products were observed in western blots of the 
clonal cell lysate (Figure 7A) and no overlapping sequencing peaks could be detected in the 
region after the induced nucleotide frameshift (Figure 7B). The sequencing results further 
suggested a stop codon 195 base pairs from the start codon, suggesting a complete loss of the 
protein (Figure 7D). Similarly, the Staufen1 knockout clone 8 (supplements Figure 14C) 
showed a deletion of 6 nucleotides in both alleles (Figure 8A, B). The in-frame mutation led to 
the deletion of two amino acids that are present in all Staufen1 isoforms (Figure 8C). As 
illustrated in the crystal structure (Yadav et al., 2020) of the RNA binding domains 3 and 4 
(Figure 8D), the deletion is present in the middle β-sheet of three parallel strands. This alteration 
might affect the tertiary structure of the protein, possibly leading to its degradation, and could 
thereby explain the complete loss of protein in the western blot (Figure 8F). The molecular 
verification of ZCCHC3 clones remains to be done due to several failed attempts to sequence 
the ZCCHC3 locus. The ZCCHC3 knockout clone 7 (supplements Figure 14B) was propagated 
and verified with an additional western blot, showing no protein products (Figure 9C). All three 
knockout cell lines had a similar growth rate as the WT cell line and no otherwise aberrant 
phenotypes. Therefore, they were suitable to compare the susceptibility to viral infection in 
infection assays. 

 



23 
 

 

Figure 7: Verification of the HOS ∆IRS1 knockout cell line. The CRISPR/Cas9-based knockout of IRS1 was 
conducted in HOS cells. A: Western blot of HOS WT and HOS ∆IRS1 cell lysates using anti-IRS1 antibody staining 
(n=3). B: PCR amplificated loci in the sgRNA target region of HOS WT and HOS ∆IRS1 genomic DNA were 
sequenced using Sanger sequencing. C: Alignment of a from NCBI retrieved nucleotide reference sequence of 
human IRS1 (NG_015830.1) and the sequenced HOS ∆IRS1 genomic loci. The reverse complement sequence of 
the used sgRNA is shown in light grey, with the PAM sequence in dark grey. The generated deletion of 2 nucleotides 
is labelled in red, 2-3 nucleotides upstream of the PAM sequence. D: Alignment of the amino acid sequence of 
human IRS1 (Uniprot ID: P34468) and the translated amino acids of the sequenced locus in HOS ∆IRS1. 
Variations of the amino acid sequence are labelled in red color and a predicted stop codon is indicated by an 
asterisk.  
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Figure 8: Verification of the Staufen1 knockout cell line. The CRISPR/Cas9-based knockout of Staufen1 was 
conducted in HOS cells. A: CETSA IMPRINT of Staufen1 during SFV infection. B: CETSA IMPRINT of Staufen1 
during SARS-CoV-2 infection. C: PCR amplificated loci in the sgRNA target region of HOS WT and HOS 
∆Staufen1 genomic DNA were sequenced using Sanger sequencing.  D: Above is the alignment of the sequenced 
HOS WT and HOS ∆Staufen1 genomic loci. The used sgRNA is shown in light grey, with the PAM sequence in 
dark grey. The generated deletion of 6 nucleotides is labelled in red, 3 nucleotides upstream of the PAM sequence. 
Below are the amino acid sequence alignments of human Staufen1 isoforms 1 and 3 (Uniprot ID: O95793) and 
the translated amino acids of the sequenced locus in HOS ∆Staufen1. The deletion of two amino acids is shown in 
red. E: Crystal structure of Staufen1 dsRNA binding domains 3 and 4, retrieved from the Protein Data Bank (PDB: 
6SDW) and illustrated with PyMOL. The by CRISPR/Cas9 deleted amino acids are labeled in red. F: Western blot 
of HOS WT and HOS ∆Staufen1 cell lysates using anti-Staufen1 antibody staining (n=2). 
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Figure 9: Verification of the ZCCHC3 knockout cell line. A: CETSA IMPRINT of ZCCHC3 during SFV infection. 
B: CETSA IMPRINT of ZCCHC3 during SARS-CoV-2 infection. C: Western blot of HOS WT and HOS ∆ZCCHC3 
cell lysates using anti-ZCCHC3 antibody staining (n=2). 

 

6.7 IRS1 and Staufen1 play a role during early SFV infection  

Functionally relevant host proteins that play a role during the viral life cycle could potentially 
be exploited for antiviral therapy. However, strong CETSA shifts alone do not necessarily 
imply a function of a protein during infection. To test the potential relevance of IRS1, Staufen1 
and ZCCHC3 for viral replication, we infected the knockout cells with SFV and quantified 
infection by staining for dsRNA. Mutant cells and HOS WT cells were infected at an MOI of 
15 and fixed at 2h and 4h post infection. Precise cell counts prior to fixation ensured that WT 
and mutant cells were infected at the same MOI. As a measure of viral infection, cells were 
stained with anti-dsRNA antibodies, and positively stained cells were quantified by flow 
cytometry. HOS WT cells were infected to 45% at 2h and to 88% at 4h post infection (Figure 
10), similarly as in our previous infection assays. In contrast, only 19% of ∆IRS1 cells were 
infected at 2h and 62% at 4h post infection. Similarly, 34% of ∆Staufen1 cells were infected at 
2h and 80% at 4h post infection. Unlike the WT and ∆IRS1 cells with counts of 1.2*106 cells/ml 
prior to infection, the ∆Stau1 cells only counted 9*105 cells/ml. Considering the resulting higher 
MOI for infection, the reduction of infection may be even higher than measured. The 
∆ZCCHC3 cells showed no difference in infection ratio to the WT cells.  

These results indicate a positive effect of IRS1 and Staufen1 on viral replication at early time 
points of SFV infection. Both the strong CETSA signals and the here indicated functional 
relevance on replication suggest that these two proteins are involved in the infectious life cycle, 
which remains to be validated in more detail in future experiments. 
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Figure 10: Ratio of SFV-infected cells in the constructed knockout cell lines. HOS WT cells and ∆IRS1, 
∆Stau1 and ∆ZCCHC3 knockout cell lines were infected with SFV at an MOI of 15. Cells were fixed and stained 
with anti-dsRNA antibodies 2h (A) and 4h (B) post infection. Stained and unstained cells were quantified using 
anti-dsRNA signal detection by flow cytometry (n=10,000). 
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7 Discussion 

SARS-CoV-2 and certain alphavirus taxa cause major public health issues due to the continuous 
spread worldwide. The identification and characterization of protein interactions during viral 
infection may deliver valuable information for the rational design of new antiviral drugs or 
vaccines. Here, we used MS-CETSA to detect these interactions during early SARS-CoV-2 and 
SFV infection in a proteome-wide manner and confirmed potential interactions using 
virological and cell biological techniques. Many of the quantified proteins in the SARS-CoV-2 
infected cells showed strong CETSA signals during the first 4h of infection, indicating various 
protein interaction changes. We successfully determined cellular location changes during 
infection for three selected proteins with strong CETSA signals using immunofluorescence 
microscopy. Remarkably, these localization changes led to our discovery of stress granules 
during early SARS-CoV-2 infection, which has so far not been described elsewhere. We were 
able to pinpoint the presence of stress granules within a time interval of 1h and 4h post infection 
and showed the absence of stress granules in infected cells at later time points. Using 
CRISPR/Cas9 gene editing of the host cell, we successfully constructed gene knockouts for 
host proteins that showed strong CETSA signals during SARS-CoV-2 and SFV infection. By 
testing these cell lines in infection assays, we were able to imply a positive role of IRS1 and 
Staufen1 on viral replication during early SFV infection. 

For the first time, we demonstrated that stress granules form during early SARS-CoV-2 
infection. So far, the formation of stress granules has been thought to be completely absent in 
SARS-CoV-2 infected cells, as demonstrated in other studies. Using immunofluorescence 
microscopy, Ciccosanti et al. (2021) observed stress granules exclusively in non-infected cells 
adjacent to SARS-CoV-2-infected cells and claimed that the viral N protein suppresses stress 
granules in infected cells. However, their observations were based on cells that were infected 
at an MOI of 0.01 and fixed 24h post infection. It is therefore very likely that the infection was 
not synchronized among the cells and that cells in the early infection stages were mistakenly 
considered as non-infected. Since the authors used N protein specific antibodies to stain SARS-
CoV-2 infected cells, their approach was probably not sensitive enough to detect early infected 
cells. With our confocal microscopy data, we could show that the detection of viral structural 
proteins like the spike protein was possible the earliest 6h post infection, where stress granules 
were no longer detectable. However, using anti-dsRNA antibodies to stain infected cells, we 
could indeed detect stress granule positive cells between 1h and 4h post infection. Interestingly, 
one study showed that the SARS-Cov-2 N protein phase separated together with G3BP, 
disassembling stress granules in arsenite-treated cells (Luo et al., 2021). The intrinsic 
disordered region 1 of the N protein showed thereby to be essential to interact with G3BP and 
to disassemble stress granules. The authors suggested that the N protein enters stress granules 
during infection and provokes disassembly by outcompeting other G3BP binding proteins. An 
independent research group had similar findings, where transfected N proteins colocalized to 
G3BP in arsenite-induced stress granules (Savastano et al., 2020). Another article, which is 
currently in preprint, claims that the N protein attenuates stress granule formation in arsenite-
treated cells (Nabeel-Shah et al., 2020). The physical interaction of SARS-CoV-2 N protein 
with G3BP1 and G3BP2 was also found in an affinity-purification MS based proteomics screen 
(Gordon et al., 2020) and an infected cell system (Ciccosanti et al., 2021), supporting the 
hypothesis. Since we only observed stress granules between 1h and 4h post infection, but not 
at later infection time points, these studies confirm our observations. In our CETSA data, the 
SARS-CoV-2 N protein showed signals the earliest at 4h post infection, supporting our 
suggestion that stress granules are abundant at early infection time points up to 4h, and then get 
disassembled by the putative interaction of the N protein with G3BP.  
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Another pioneering finding was that ZNF512B, an RNA binding protein with strong CETSA 
signals, localizes to stress granules in SARS-CoV-2 infected cells. This host factor has so far 
not directly been associated with stress granules. However, multiple studies suggest that 
ZNF512B is associated with amyotrophic lateral sclerosis (ALS). A single-nucleotide 
polymorphism (SNP) in the ZNF512B enhancer region, leading to lower ZNF512B expression 
was associated with ALS (Iida et al., 2011) and was found to be negatively correlated with the 
survival length of ALS patients (Jiang et al., 2021; Tetsuka et al., 2013). Interestingly, stress 
granules are thought to be dysregulated in ALS patients (Dudman and Qi, 2020), which suggests 
an association of ZNF512B and stress granules and supports our findings. However, our 
observations could not be confirmed by an additional anti-ZNF512B antibody, requiring future 
confirmation of antibody specificity for immunofluorescence microscopy by for example 
knockdown or knockout of ZNF512B.  

By applying MS-CETSA on SFV infected HOS cells, we detected multiple proteins with strong 
thermal stability shifts 2h and 6h post infection. A protein with particularly prominent stability 
changes was IRS1. To test if the strong CETSA signals were due to the competition of IRS1 
and nsP3 for the p85 regulatory subunit of PI3K, we conducted CETSA experiments with SFV 
WT and an SFV Y369F mutant virus. Quantification of the soluble fraction by western blot did 
not show a difference in the melting curve of IRS1. The chosen assay was probably not sensitive 
enough to detect changes in abundance, partly because of difficulties to transfer this 130kD 
protein on a membrane. Using more temperature points for the CETSA and a better antibody 
might enable a more sensitive quantification. Another option to test the hypothesis is to do a 
co-immunoprecipitation by pulling down p85 to detect levels of bound IRS-1 in lysates of SFV 
WT and SFV Y369F infected cells. Since the genetically altered nsP3 protein cannot bind p85 
and therefore not compete with IRS1, we would expect higher amounts of IRS1 to be pulled 
down with p85 in SFV Y369F infected cells than in SFV WT infected cells. 

Interestingly, IRS1 seems to be necessary for efficient viral replication during the first 4h of 
SFV infection, as we showed by a declined infection of IRS1 knockout cells. Since the protein 
is involved in downstream signaling of the PI3K/Akt pathway (Myers et al., 1993), a 
mechanism of metabolic hijacking by SFV could be possible, similar to as described by Van 
Huizen and McInerney (2020). To prove that this effect would be due to the active exploitation 
of this signaling pathway by SFV, rather than to a generally altered metabolic state of the cell, 
the infection of IRS1 knockout cells should additionally be conducted with another viral taxa 
as a control. 

Similarly, cells deficient in Staufen1 showed decreased viral infection, suggesting a positive 
role of Staufen1 during SFV replication. In previous studies, Staufen1 has been shown to 
interact with several viral proteins of influenza virus (Falcón et al., 1999), HIV-1 (Chatel-Chaix 
et al., 2008), human endogenous retrovirus K (Hanke et al., 2013), Ebola virus (Fang et al., 
2018) as well as enteroviral RNA (Chen et al., 2019). It was demonstrated to play essential 
roles for viral reproduction like during RNA encapsidation (Chatel-Chaix et al., 2008), virion 
production (Hanke et al., 2013), viral replication (Fang et al., 2018) or viral RNA translation 
(Chen et al., 2019). In what way Staufen1 might be hijacked in the SFV viral life cycle remains 
to be investigated in the future. As our experiments pointed towards an effect on RNA 
replication, it might be involved in the early replication stages of the viral life cycle.  

Importantly, the functional roles of these host proteins in the SFV life cycle remain to be 
confirmed in future experiments. First, to prove the effect of the specific protein and to exclude 
other possible off-target effects from the gene knockout, a reconstitution of the cell lines with 
a plasmid expressing the respective protein should be performed. Another next step would be 
to test the effect on later stages of infection and to determine viral titers for the infected cell 
lines with plaque assays.  
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The knockout of ZCCHC3 in the host cell had no measurable impact on early SFV infection. 
Considering the weaker CETSA signals during SFV infection compared to SARS-CoV-2 
infection, this might suggest that ZCCHC3 only plays a role during the latter. The impact of the 
ZCCHC3 deletion on SARS-CoV-2 infection remains to be tested in the future. It is possible 
that ZCCHC3 participates in the host defense against SARS-CoV-2, as ZCCHC3 is involved 
in the innate antiviral response by sensing dsRNA (Lian et al., 2018b). It activates the immune 
response against RNA viruses by binding to dsRNA together with RIG-1 and MDA5, enhancing 
their binding and their activation by ubiquitination for downstream antiviral signaling (Lian et 
al., 2018b). 

A general limitation of the approach to use MS-CETSA to characterize virus-host interactions 
is that strong CETSA signals do not automatically imply that a specific protein plays a direct 
role during the viral life cycle. Thermal shifts that indicate protein interactions can either be the 
result of a direct interaction with viral proteins or be due to interactions with other cellular 
proteins that are involved in the antiviral host response. However, we showed that when 
combined with other molecular or biochemical techniques, MS-CETSA has the potential as a 
tool to screen for host proteins that are involved in the viral life cycle. We demonstrated that 
the use of CRISPR/Cas9-based gene editing of the host cell can be a fast and informative way 
to investigate the protein’s role in different infection assays. Functionally relevant host proteins 
could thereby be exploited as targets in antiviral therapy. Similarly, immunofluorescence 
microscopy showed to be a useful method to detect cellular localization changes and could 
further be used to examine protein colocalizations with viral components during infection. Most 
impressively, we could show that our approach can put a time scale on cellular processes during 
infection. Even transient interactions, like during the dynamic formation and disassembly of 
stress granules, can be detected. The possibility to detect these changes during early infection 
is thereby of major interest, where protein interactions might have the greatest impact on the 
outcome of infection. As we applied our approach on two different viral taxa, we could 
demonstrate that MS-CETSA may also be used to better understand pathogenic mechanisms of 
other viruses and to discover novel therapeutic targets.  

In conclusion, MS-CETSA is a valuable method to detect protein interactions during early time 
points of viral infections. By characterizing host proteins with strong CETSA signals, we were 
able to indicate a role of IRS1 and Staufen1 during the SFV life cycle. We could demonstrate 
the power of our time-scaling approach by detecting proteins that locate to stress granules 
exclusively during early SARS-CoV-2 infection. Our discovery of stress granules shows the 
great potential of MS-CETSA to unravel transient protein-interactions during early viral 
infection, which are difficult to detect using other methods.  
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Figure 11: stress granules in cells adjacent to infected neighbor cells 6h post SARS-CoV-2 infection. VeroE6 
cells were both mock-infected and infected with SARS-CoV-2 at a MOI of 0.7 in a non-synchronized infection 
assay. After 6h cells were fixed and stained (from top to bottom) for ZNF512B (green), SARS-CoV-2 spike 
glycoprotein (gray); RPS28 (green), RPS6 (red), SARS-CoV-2 spike glycoprotein (gray). Nuclei were visualized 
with Hoechst (blue). Shown are representative images of one experimental setup, acquired by confocal laser 
scanning microscopy. Scale bar: 10µm. 
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Figure 12: Early stress granules in SARS-CoV-2 infected cells 1h post infection in HEK293-ACE2 cells. Cells 
were both mock infected and infected with SARS-CoV-2 at a MOI of 0.7 in a synchronized infection assay and 
fixed 1h post infection for staining (from top to bottom) with ZNF512B (green), TIA1 (red); RPS28 (green), TIA1 
(red); G3BP1(green), TIA1 (red). Nuclei were stained with Hoechst (blue). Shown are representative images of 
one experimental setup, acquired by confocal laser scanning microscopy. Scale bar: 10µm. 
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Figure 13: Several proteins with strong CETSA signal localize to stress granules 4h post SARS-CoV-2 infection 
in HEK293-ACE2 cells. Cells were both mock infected and infected with SARS-CoV-2 at a MOI of 0.7 in a 
synchronized infection assay. Cells were fixed 4h post infection or after arsenite treatment (0.2mM for 1h) and 
(from upper left to lower right) stained for ZNF512B (green), TIA1 (red), dsRNA (blue); RPS28 (green), TIA1 
(red), dsRNA (blue); RPS28 (green), RPS6 (red), SARS-CoV-2 spike glycoprotein (blue); G3BP1 (green), TIA1 
(red), SARS-CoV-2 spike glycoprotein (blue). Shown are representative images of one experimental setup, 
acquired by confocal laser scanning microscopy. Scale bar big images: 10µm. Scale bar insets: 5µm. 

 

 

Figure 14: Tested clones for the verification of gene knockouts. Single-cell derived cell populations were lysed 
and analyzed by SDS-page and western blot. Four putative IRS1 knockout clones (A), ten putative ZCCHC3 
knockout clones (B) and ten putative Staufen1 (Stau1) knockout clones (C) were compared with HOS WT cell 
lysates. As a loading control, membranes were stained with GAPDH. 


