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SUMMARY

The Coronaviridae are a family of viruses that cause disease in humans ranging from
mild respiratory infection to potentially lethal acute respiratory distress syndrome.
Finding host factors common to multiple coronaviruses could facilitate the development
of therapies to combat current and future coronavirus pandemics. Here, we conducted
genome-wide CRISPR screens in cells infected by SARS-CoV-2 as well as two
seasonally circulating common cold coronaviruses, OC43 and 229E. This approach
correctly identified the distinct viral entry factors ACE2 (for SARS-CoV-2),
aminopeptidase N (for 229E) and glycosaminoglycans (for OC43). Additionally, we
identified phosphatidylinositol phosphate biosynthesis and cholesterol homeostasis as
critical host pathways supporting infection by all three coronaviruses. By contrast, the
lysosomal protein TMEM106B appeared uniqgue to SARS-CoV-2 infection.
Pharmacological inhibition of phosphatidylinositol kinases and cholesterol homeostasis
reduced replication of all three coronaviruses. These findings offer important insights for
the understanding of the coronavirus life cycle and the development of host-directed

therapies.

KEYWORDS
SARS-CoV-2, COVID-19, 229E, OC43, coronavirus, CRISPR, virus-host interactions,

host factors, host-targeted antivirals
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INTRODUCTION

The Coronaviridae family includes seven known human pathogens, for which there are
no approved vaccines and only limited therapeutic options. The seasonally circulating
human coronaviruses (HCoV) OC43, HKU1, 229E and NL63 cause mild, common cold-
like, respiratory infections in humans (van der Hoek, 2007). However, three highly
pathogenic coronaviruses emerged in the last two decades, highlighting the pandemic
potential of this viral family (Drosten et al., 2003; Wu et al., 2020; Zaki et al., 2012).
Infection with severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1) and
Middle East respiratory syndrome coronavirus (MERS-CoV) can lead to acute
respiratory distress syndrome and death, with fatality rates between 10-40% (Petersen
et al., 2020). SARS-CoV-2, though less deadly, is far more transmissible than SARS-
CoV-1 and MERS-CoV, and has been responsible for over 50 million cases and 1.2
million deaths globally as of November 2020 (Dong et al., 2020; Petersen et al., 2020).
Because of the severity of their impact on global health it is critical to understand how
SARS-CoV-2 and other coronaviruses hijack the host cell machinery during infection

and apply this knowledge to develop new therapeutic strategies.

Coronaviruses are enveloped, positive-sense, single-stranded RNA viruses with a
genome length of approximately 30kb. Upon receptor binding and membrane fusion, the
viral RNA is released into the cytoplasm, where it is translated to produce viral proteins.
Subsequently, the viral replication/transcription complexes form on double-membrane
vesicles and generate genome copies. These are then packaged into new virions via a

budding process, through which they acquire the viral envelope, and the resulting
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virions are released from infected cells (Fung and Liu, 2019). During these steps,
specific cellular proteins are hijacked and play crucial roles in the viral life cycle. For
example, the angiotensin-converting enzyme 2 (ACE2) is exploited as the viral entry
receptor for NL63, SARS-CoV-1 and SARS-CoV-2 (Hofmann et al., 2005; Letko et al.,
2020; Li et al., 2003). Additionally, cellular proteases, such as TMPRSS2, cathepsin L
and furin are important for the cleavage of the viral spike (S) protein of several
coronaviruses thereby mediating efficient membrane fusion with host cells (Bertram et
al., 2013; Hoffmann et al., 2020b, 2020c; Shirato et al., 2013; Simmons et al., 2005).
Systematic studies have illuminated virus-host interactions during the later steps of the
viral life cycle. For example, proteomics approaches revealed comprehensive
interactomes between individual coronavirus proteins and cellular proteins (Gordon et
al., 2020a, 2020b; Stukalov et al., 2020). Additionally, biotin labelling identified
candidate host factors based on their proximity to coronavirus replicase complexes
(V'kovski et al., 2019). While these studies uncovered physical relationships between
viral and cellular proteins, they do not provide immediate information about the

importance of these host components for viral replication.

An orthogonal strategy is to screen for mutations that render host cells resistant to viral
infection using CRISPR-based mutagenesis. These screens identify host factors that
are functionally required for viral infection and could be targets for host-directed
therapies (Puschnik et al., 2017). In this study, we have performed a genome-wide
CRISPR knockout (KO) screen using SARS-CoV-2 (USA/WA-1 isolate) in human cells.

Importantly, we expanded our functional genomics approach to distantly related
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Coronaviridae members in order to probe for commonalities and differences across the
family. This strategy can reveal potential pan-coronavirus host factors and thus
illuminate targets for antiviral therapy to combat the current and potential future
outbreaks. We conducted comparative CRISPR screens for SARS-CoV-2 and two
seasonally circulating common cold coronaviruses, OC43 and 229E. Our results
corroborate previously implicated host pathways, uncover new aspects of virus-host

interaction and identify targets for host-directed antiviral treatment.

RESULTS

CRISPR knockout screens identify common and virus-specific candidate host
factors for coronavirus infection

Phenotypic selection of virus-resistant cells in a pooled CRISPR KO screen is based on
survival and growth differences of mutant cells upon virus infection. We chose Huh7.5.1
hepatoma cells as they were uniquely susceptible to all tested coronaviruses. We
readily observed drastic cytopathic effect during OC43 and 229E infection (Figure S1A).
Huh7.5.1 also supported SARS-CoV-2 replication but exhibited limited virus-induced
cell death (Figures S1B and S1C). To improve the selection conditions for the SARS-
CoV-2 CRISPR screen, we overexpressed ACE2 and/or TMPRSS2, which are present
at low levels in WT Huh7.5.1 cells (Figure S1D). This led to increased viral uptake of a
SARS-CoV-2 spike-pseudotyped lentivirus, confirming the important function of ACE2
and TMPRSS2 for SARS-CoV-2 entry (Figure S1E). We ultimately used Huh7.5.1 cells
harboring a bicistronic ACE2-IRES-TMPRSS2 construct for the SARS-CoV-2 screen as

these cells sustained efficient infection that led to widespread cell death while still
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allowing the survival of a small number of cells (Figures S1C and S1F). The generated
CRISPR KO libraries in Huh7.5.1 and Huh7.5.1-ACE2-IRES-TMPRSS2 cells had
virtually complete single-guide RNA (sgRNA) representation prior to the start of the
virus challenge but, as expected, were depleted of cells containing sgRNAs against
commonly essential fithess genes within 7 days post-library transduction (Figures S1G

and S1H) (Hart et al., 2015).

The three CRISPR screens - for resistance to SARS-CoV-2, 229E and OC43 - identified
a compendium of critical host factors across the human genome (Figure 1A and Table
S1). The overall performance of the screens was robust as indicated by the enrichment
of multiple individual sgRNAs against the top 10 scoring genes from each screen
(Figure S1l). Importantly, the known viral entry receptors ranked among the top hits:
ACE?2 for SARS-CoV-2 and aminopeptidase N (ANPEP) for 229E (Figures 1B and 1C)
(Letko et al., 2020; Yeager et al., 1992). OC43, unlike the other coronaviruses, does not
have a known proteinaceous receptor but primarily depends on sialic acid or
glycosaminoglycans for cell entry (Hulswit et al., 2019; Stroh and Stehle, 2014);
consistent with this fact, multiple heparan sulfate biosynthetic genes (B3GALTS6,
B3GAT3, B4AGALT7, EXT1, EXT2, EXTL3, FAM20B, NDST1, SLC35B2, UGDH,
XYLT2) were identified in our OC43 screen (Figures 1D and S2A). Several of these
genes were also markedly enriched in the SARS-CoV-2 screen (Figures 1B and S2A),
which is consistent with a recent report that SARS-CoV-2 requires both ACE2 and

cellular heparan sulfate for efficient infection (Clausen et al., 2020). Overall, the
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identification of the expected entry factors validates the phenotypic selection of our host

factor screens.

Gene Ontology (GO) enrichment analysis for each screen found a number of cellular
processes to be important for multiple coronaviruses. These processes included
proteoglycan and aminoglycan biosynthesis, vacuolar and lysosomal transport,
autophagy, Golgi vesicle transport and phosphatidylinositol metabolic processes (Figure
2A and Table S2).

In the phosphatidylinositol metabolic process, the SARS-CoV-2 screen identified
VAC14, which is part of the PIKfyve kinase complex (Figure 1B). PIKFYVE itself was
moderately enriched in the SARS-CoV-2 screen (Figure S2A). This complex catalyzes
the conversion of phosphatidylinositol-3-phosphate to phosphatidylinositol-3,5-
bisphosphate, which is localized to late endosomes (Shisheva, 2012). Interestingly, the
CRISPR screens with 229E and OCA43 identified the subunits (PIK3C3, UVRAG,
BECN1 and PIK3R4) of the class Il phosphatidylinositol 3-kinase (PI3K) complex,
which generates the precursor phosphatidylinositol-3-phosphate in early endosome
membranes (Figures 1C, 1D and S2A) (Bilanges et al., 2019). Taken together, our data
highlight different steps of the phosphatidylinositol biosynthetic pathway, which
regulates endocytic sorting, endomembrane homeostasis and autophagy, to be critical

for the life cycle of all three and possibly all coronaviruses.

Another group of genes found in all three CRISPR screens is linked to cholesterol

metabolism. The SARS-CoV-2 resistant cell population contained multiple knockouts of
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genes in the sterol regulatory element-binding protein (SREBP) pathway (SCAP,
MBTPS1, MBTPS2) (Figures 1B and S2A) (Brown et al., 2018). SCAP is an escort
protein for the transport of the transcription factors SREBF1 and SREBF2 from the ER
to the Golgi in response to low levels of cholesterol. In the Golgi, the SREBF proteins
are sequentially cleaved by the proteases MBTPS1 and MBTPS2. Subsequently, the
transcription factors translocate to the nucleus to activate fatty acid and cholesterol
biosynthesis. SREBF1 and SREBF2 themselves did not score in the screen, potentially
due to their functional redundancy. LDLR (Low Density Lipoprotein Receptor), important
for cholesterol uptake, was enriched in both the SARS-CoV-2 and the 229E screen,
while SCAP was also enriched in the OC43 screen (Figures S2A and S2B). Additionally,
NPC1 (Niemann—Pick intracellular cholesterol transporter 1), which facilitates export of
cholesterol from the endolysosomal compartment, ranked highly in the 229E screen
(Figure 1C) (Hoglinger et al., 2019). Overall, our data indicate a strong link between

intracellular cholesterol levels and infection by all three coronaviruses.

Some genes were found in the OC43 and 229E screens, but not in the SARS-CoV-2
screen. For instance, the common cold coronavirus screens showed a strong overlap of
genes that are important for endosome and autophagosome maturation (Figures 1C, 1D
and S2B). These include RAB7A, components of the HOPS complex (encoded by
VPS11, VPS16, VPS18, VPS33A), the Ccz1-Monl guanosine exchange factor complex
(encoded by CCZ1, CCZ1B, C180rf8), genes expressing the WDR81-WDR91 complex,
and other genes related to lysosome and autophagosome function (SPNS1, TOLLIP,

TMEM41B, AMBRALl) (Balderhaar and Ungermann, 2013; Hegedis et al., 2016;
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Hoffmann et al., 2020a; Katoh et al., 2004; Maria Fimia et al., 2007; Moretti et al., 2018;
Rapiteanu et al., 2016; Rong et al., 2011). We also identified cathepsin L (CTSL1) as
well as the mannose-6-phosphate receptor (M6PR) and GNPTAB, which are important
for proper trafficking of lysosomal enzymes from the trans-Golgi network (Flint et al.,
2019; Saftig and Klumperman, 2009). Interestingly, the HOPS complex, cathepsins,
GNPTAB and SPNS1 were previously linked to Ebola virus entry, implying similar viral

entry strategies (Carette et al., 2011; Flint et al., 2019).

The OC43 and 229E screens also uncovered KEAPL, the principal negative regulator of
NRF2, whose activation restores cellular redox and protein homeostasis (Figures 1C
and 1D) (Cuadrado et al., 2019). Activation of the NRF2 transcriptional program may
induce a cellular state that is protective against coronavirus infection. Indeed, NRF2
agonists seem to elicit an antiviral response as demonstrated in cell culture and were

proposed for SARS-CoV-2 treatment (Cuadrado et al., 2020; Olagnier et al., 2020).

In addition to genes that scored in multiple CRISPR screens, we also found genes that
were only enriched in one screen. Several genes related to the Golgi apparatus were
uncovered only in the 229E screen and may possibly have 229E-specific roles. Among
them were GPR89A and GPR89B, which encode two highly homologous G protein
coupled receptors important for Golgi acidification (Maeda et al., 2008), and NBAS and
USE1, which play a role in Golgi-to-ER retrograde transport (Aoki et al., 2009). The
exact role of these factors in coronavirus infection — and their specificity to 229E —

remain to be determined.
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The SARS-CoV-2 screen identified multiple subunits of the exocyst (EXOC1-8) (Figures
1B and S2A), an octameric protein complex that facilitates the tethering of secretory
vesicles to the plasma membrane prior to SNARE-mediated fusion (Mei and Guo,
2018). This complex could therefore facilitate trafficking of virus particles during entry or
egress, or regulate surface expression of viral entry factors. The top hit of the SARS-
CoV-2 screen was TMEM106B, a poorly characterized lysosomal transmembrane
protein linked to frontotemporal dementia (Figure 1B) (LUningschror et al., 2020).
Deletions in TMEM106B have been shown to cause defects in lysosome trafficking,
impaired acidification and reduced levels of lysosomal enzymes but its precise
molecular function remains enigmatic (Klein et al., 2017; Luningschror et al., 2020).
TMEM106B knockout could thus affect SARS-CoV-2 entry, although it is also possible

to protect from virus-induced cell death at other stages of the life cycle.

Overall, the comparative CRISPR screen strategy provides a rich list of shared and
distinct candidate host factors for subsequent validation and host-directed inhibition of

coronavirus infection.

Network propagation across multiple CRISPR screens highlights functional
biological clusters important for coronavirus infection

To expand upon our manual curated analysis, which highlighted top-scoring genes from
each coronavirus screen, we employed a network propagation approach using the

entirety of our unthresholded datasets to better understand the functional connections

11
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between the genes identified in our screens (Cowen et al.,, 2017). This approach
allowed us to identify molecular networks that emerge from our datasets even if certain
gene members fell below our top-scoring threshold. Network propagation is a powerful
technique that uses a ‘guilt-by-association’ approach to propagate biological signal
within large networks (e.g. Pathway Commons) to identify interconnected neighborhood
clusters or pathways. In addition to revealing the functional networks underlying a
particular dataset, this approach can be especially useful for identifying converging
molecular networks across datasets. Here, we used an integrative network propagation
approach to identify subnetworks and pathways that were common across the three
coronavirus screens (Figure 2B). Briefly, we propagated the unthresholded CRISPR
screen enrichment scores from each coronavirus screen and utilized a statistical
permutation test paired with network clustering methods to extract network

neighborhoods implicated across all three coronavirus screens.

Propagations from the three CRISPR screens identified subnetworks most common to
all three viruses and independently confirmed the biological processes highlighted as
important for coronavirus infection in our previous analysis (Figures 2C, S3A and S3B,
Tables S2 and S3). For instance, we found clusters linked to cholesterol metabolism
(containing SCAP, MBTPS1, SREBF2, LDLR and NPC1), endosome to lysosome
transport (including the HOPS complex components VPS11, VPS16, VPS18, VPS33A
and VPS39) and glycoprotein biosynthetic processes (containing heparan sulfate

biosynthesis genes). Another cluster reflected the critical role of autophagy/

12



261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

phospholipid metabolism and indicated a functional link between VAC14 and subunits of

the PI3K complex as described above.

Moreover, network propagation also identified previously unappreciated biological
functions, such as steroid hormone signaling, cell-cell adhesion, metal ion transport,
intra-Golgi vesicle transport, snare complex assembly, Rab protein signal transduction,
peroxisomal transport and mRNA splicing (Figures 2C, S3A and S3B, Tables S2 and
S3). Interestingly, some of these processes were also implicated by recent coronavirus
interactome studies (Gordon et al., 2020a, 2020b). We therefore additionally compared
our CRISPR screen results with the hits from the SARS-CoV-2 interactome revealing
SCAP, several Rab proteins and HOPS complex subunits as functionally relevant for
infection as well as interactors with viral proteins (Figure S2C). Altogether, the network
propagation and cross-comparison with the protein interaction network highlighted
numerous distinct cellular processes that may have critical roles during coronavirus

infection.

Knockout of candidate host factor genes reduces coronavirus replication

To validate the candidate genes from the SARS-CoV-2 screen, we generated individual
KO cells in three cell types. We introduced gene deletions for several top hits in A549
lung epithelial cells transduced with ACE2 (A549-ACEZ2) using Cas9 ribonucleoproteins
(RNPs), resulting in high indel frequencies (Table S4). SARS-CoV-2 RNA levels were
markedly reduced in A549-ACE2 cells that contained mutations in ACE2, ADP

Ribosylation Factor 5 (ARF5), multiple subunits of the exocyst (EXOC2, EXOCS6,

13
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EXOCS8), the cholesterol homeostasis genes SCAP, MBTPS1 and MBTPS2, the
phosphatidylinositol kinase complex genes PIKFYVE and VAC14, or TMEM106B
(Figure 3A). Next, we lentivirally introduced Cas9 and sgRNAs against a subset of these
genes (TMEM106B, VAC14, SCAP, MBTPS2, EXOC2) into Calu-3 lung epithelial cells
with endogenous ACE2 levels and also observed reduced viral replication compared to
control cells harboring a non-targeting sgRNA (Figure 3B).

Lastly, we generated clonal Huh7.5.1 cells (without ACE2-IRES-TMPRSS2
overexpression) containing frameshift mutations in candidate genes, resulting in loss of
protein expression (Figures S4A and S4B). Deletion of TMEM106B and VAC14
decreased SARS-CoV-2 replication, and this effect was reversed by add-back (AB) of
respective cDNAs (Figures 3C, 3D and S4B), confirming the role of these two factors in
the SARS-CoV-2 life cycle. Similarly, knocking out SCAP, MBTPS2 or EXOC2 led to a
decrease of SARS-CoV-2 RNA levels (Figure 3E). When we infected the same
Huh7.5.1 KO cells with OC43 and 229E, we observed reduced viral replication in SCAP,
MBTPS2 and EXOC2 KO cells but not in TMEM106B KO and only moderately in
VAC14 KO cells (Figure 3F). This suggests that the latter genes are more rate-limiting

in SARS-CoV-2 infection.

Next, we probed Huh7.5.1 cells lacking genes involved in endosome maturation or the
PI3K complex, which were initially found in the common cold coronavirus screens. We
saw reduced viral replication for OC43 and 229E (Figures 3G and 3H). Additionally, we
observed increased cell viability in all KO cells relative to WT Huh7.5.1 cells 8 dpi

(Figures S4C and S4D), indicating that these genes are important for infection by the

14
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common cold viruses and for virus-induced cell death. We then tested whether the hits
shared between OC43 and 229E affect SARS-CoV-2. Indeed, SARS-CoV-2 infection
was reduced in cells lacking certain endosomal or PI3K genes in the context of
Huh7.5.1 without ACE2-IRES-TMPRSS2, similar to the common cold coronaviruses
(Figure 3I). Complementation of PIK3R4 and VPS16 KO cells with respective cDNAs
restored SARS-CoV-2 and 229E, and to a lesser degree, OC43 replication levels
(Figures 3J-O and S4B). To rule out the possibility that decreased viral replication is not
due to severe cellular growth defects, we measured proliferation of RNP-edited A549-
ACE2 and clonal Huh7.5.1 KO cells. Apart from SCAP KO cells we did not observe any
notable growth differences compared to WT cells (Figures S4E and S4F).

Together, these experiments confirm that the host factors identified in our screens in
Huh7.5.1 cells have functional roles for Coronaviridae, which are also relevant in lung
epithelial cells. Furthermore, we demonstrated that important aspects of SARS-CoV-2

biology can be revealed by studying the common cold coronaviruses.

Compounds directed at host factors inhibit coronavirus replication

Host factors important for virus infection are potential targets for antiviral therapy. Host-
directed therapy is advantageous as it allows pre-existing drugs to be repurposed, may
provide broad-spectrum inhibition against multiple viruses, and is generally thought to
be more refractory to viral escape mutations than drugs targeting viral factors
(Bekerman and Einav, 2015). We therefore explored whether the cellular pathways

identified in our screens could serve as targets for therapy against coronavirus infection.
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Given the strong dependence of all three coronaviruses on PIK3R4, we tested SAR405,
a selective and ATP-competitive inhibitor of class Il PI3K (PIK3C3) (Ronan et al.,
2014). The drug exhibited a dose-dependent effect against all three coronaviruses with
low cytotoxicity in Huh7.5.1 cells, which is consistent with the reduced virus replication
in PIK3R4 KO cells and suggests that SAR405 could serve as a pan-coronavirus
inhibitor (Figures 4A-C). As VAC14, a PIKfyve complex component, was a strong hit in
the SARS-CoV-2 screen, we also tested the PIKfyve inhibitor YM201636 and observed
inhibition of SARS-CoV-2 replication (Figure S5A) (Jefferies et al., 2008). Similar
antiviral activity was previously demonstrated with apilimod, another PIKfyve inhibitor

(Bouhaddou et al., 2020; Kang et al., 2020; Ou et al., 2020).

Furthermore, we tested compounds modulating cholesterol homeostasis as this
pathway also appeared important for all three coronaviruses. PF-429242, a reversible,
competitive aminopyrrolidineamide inhibitor of MBTPS1 showed strong dose-dependent
reduction of SARS-CoV-2, 229E and, to lesser degree, OC43 replication with
cytotoxicity only at high concentration (Figures 4D-F) (Hawkins et al., 2008). 25-
Hydroxycholesterol (25-HC), which promotes ER retention of the SCAP-SREBP
complex (Brown et al., 2018), also potently reduced replication of all three
coronaviruses (Figures 4G-1). Fatostatin, which binds to SCAP and inhibits ER-to-Golgi
translocation of SREBPs (Kamisuki et al., 2009), moderately reduced SARS-CoV-2
infection levels at higher doses (Figure S5B). We confirmed on-target activity of the
SREBP pathway modulators by measuring reduced expression of SREBP-regulated

genes upon drug treatment (Figure S5C).
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We also tested Bardoxolone, an activator of the KEAP1-NRF2 complex (Liby and
Sporn, 2012), since KEAP1 scored highly in both common cold coronavirus screens.
Bardoxolone potently inhibited 229E and OC43 replication and also reduced SARS-
CoV-2 RNA levels at slightly higher concentrations (Figures 4J-L), suggesting potential

pan-coronaviral activity.

Finally, we confirmed the inhibitory effects of the different compounds against SARS-
CoV-2 replication in Calu-3 cells; viral RNA levels were markedly suppressed without
notable cytotoxicity (Figures S5D and S5E). Therefore, our genetic and pharmacological
studies provide new targets for potential pan-coronavirus host-directed therapies that

may be explored further in vivo.

Cellular cholesterol is important for spike-mediated entry of SARS-CoV-2

Next, we tested whether some of the identified genes affect viral entry. We generated a
clonal Huh7.5.1-ACE2/TMPRSS2 overexpression cell line to facilitate efficient infection
with a SARS-CoV-2 spike pseudotyped vesicular stomatitis virus (VSV-SARS-CoV-2-S)
expressing GFP, which can be utilized to specifically probe effects on spike-mediated
entry of SARS-CoV-2. We then introduced Cas9 RNPs and created knockout lines for
our genes of interest. Editing efficiencies were high and loss of protein was confirmed
for TMEM106B (Figures 5A and Table S4). As expected, knockout of ACE2 drastically
reduced infection with VSV-SARS-CoV-2-S (Figure 5B). By contrast, we did not observe

a decrease of viral entry in TMEM106B and VAC14 KO cells, suggesting that they do
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not play a role in spike-mediated entry (Figure 5B). We saw reduced uptake of
pseudotyped viral particles in all cells with knockouts in cholesterol-related genes
(SCAP, MBTPS1, MBTPS2) as well as a modest decrease in exocyst deficient cells
(Figure 5B). Finally, to examine whether treatment with cholesterol inhibitors also
prevents viral entry similar to the genetic perturbations, we pretreated Huh7.5.1-
ACE2/TMPRSS2 cells with different concentrations of PF-429242 or 25-HC and
measured pseudotyped virus infection. Both drugs exhibited a dose-dependent
reduction of infection levels (Figures 5C and 5D), suggesting that cellular cholesterol is

required for efficient spike-mediated entry of SARS-CoV-2.

DISCUSSION

In this study, we performed genome-scale CRISPR KO screens to identify host factors
important for SARS-CoV-2, 229E and OC43. Our data highlight that while the three
coronaviruses exploit distinct entry factors, they also depend on a convergent set of

host pathways, with potential roles for the entire Coronaviridae family.

In particular, genes involved in cholesterol homeostasis were enriched in all of our
screens and in the network propagation. Two recent SARS-CoV-2 interactome maps
have also revealed binding of viral proteins to the cholesterol regulator SCAP (Gordon
et al., 2020a; Stukalov et al., 2020); given the essentiality of SCAP for infection, the
interacting viral proteins are likely to positively regulate SCAP activity and cholesterol
levels. Interestingly, two clinical studies found improved outcomes for COVID-19

patients treated with cholesterol reducers statins (Daniels et al., 2020; Zhang et al.,
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2020). Mechanistically, our genetic and pharmacological experiments showed that
SARS-CoV-2 requires cellular cholesterol for efficient entry. This observation is also
supported by a recent screen for interferon-stimulated genes that protect from SARS-
CoV-2 infection, which identified cholesterol 25-hydroxylase (CH25H) as one of the top
hits (Zang et al., 2020). Cholesterol homeostasis has also been linked to viral entry and
membrane fusion in the context of bunya- and hantavirus infections, suggesting a pro-
viral function across different viral families (Charlton et al., 2019; Kleinfelter et al., 2015;

Petersen et al., 2014).

Our screens also uncovered phosphatidylinositol biosynthesis as an important pathway
for coronavirus infection. While PIKfyve kinase has previously been implicated through
chemical inhibition (Bouhaddou et al., 2020; Kang et al., 2020; Ou et al., 2020), which is
consistent with our identification of VAC14, we also found the upstream PI3K complex
as a new critical host factor that may exhibit pan-coronavirus function. Due to its
involvement in multiple cellular processes including vesicular trafficking and autophagy
(Bilanges et al., 2019), it remains to be determined whether coronaviruses hijack the
PISK pathway during entry and/or for the generation of double-membrane vesicles
required for the viral replication/transcription complexes. Our results also inform those of
a recent drug repurposing screen that identified ~100 compounds that inhibited SARS-
CoV-2 replication (Riva et al., 2020); notably, among those were PIKfyve inhibitors,
protease inhibitors and modulators of cholesterol homeostasis. Our functional genomics
data therefore suggest that the observed effects of these compounds were possibly due

to inhibition of critical host factors.
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While this study was under review, several other SARS-CoV-2 CRISPR screen studies
were published or deposited as preprints, revealing important aspects of the viral life
cycle (Baggen et al.,, 2020; Daniloski et al., 2020; Schneider et al., 2020; Wei et al.,
2020; Zhu et al., 2020). Our screen for SARS-CoV-2 host factors using Huh7.5.1-ACE2-
IRES-TMPRSS2 cells identified the known SARS-CoV-2 entry factors, such as ACE2
and heparan sulfate, supporting its validity. Additional notable candidate host factors are
TMEM106B, VAC14, cholesterol regulators and subunits of the exocyst. Remarkedly,
the majority of these genes were independently identified in a CRISPR screen using
Huh7.5 cells, the parental line of the Huh7.5.1 cells we used in our study, underscoring
the reproducibility and importance of these host factors for SARS-CoV-2 infection
(Schneider et al., 2020). TMEM106B was additionally found in a third study (Baggen et
al., 2020). While the exact molecular function of TMEM106B for SARS-CoV-2 infection
remains to be determined, its importance was confirmed in several in cell lines

(including lung cells) by Baggen et al. and our study.

By contrast, many of the host factors we found to be essential were missed by the other
recently published studies (Daniloski et al., 2020; Wei et al., 2020; Zhu et al., 2020),
possibly due to the different chosen experimental systems. Wei et al. performed
genome-wide CRISPR screens in the African green monkey cell line VeroE6. Besides
the bona fide entry factors ACE2 and cathepsin L, the screen largely revealed
chromatin modifiers such as HMGB1 and the SWI/SNF chromatin remodeling complex

(Wei et al.,, 2020). The former was shown to regulate transcription of ACE2, thereby
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indirectly modulating susceptibility to SARS-CoV-2 infection in VeroE6. HMGB1 was not
markedly enriched in any of the CRISPR screens conducted in human cells, suggesting
that regulation of receptor expression levels may be species- or cell type-dependent.
Daniloski et al. and Zhu et al. conducted their screens in A549-ACE2 cells. Both studies
identified ACE2, cathepsin L and genes related to endosome acidification (e.g. subunits
of the V-ATPase) or endosomal protein sorting and recycling (RAB7A, retromer
complex, commander complex, WASH complex) (Daniloski et al., 2020; Zhu et al.,
2020). The latter were shown to be critical for ACE2 cell surface expression and

therefore likely to affect viral entry indirectly.

There is emerging evidence that SARS-CoV-2 entry can occur through different
“routes”, depending on the level of TMPRSS2 on target cells as well as on mutations in
the polybasic S1/S2 site of the viral spike protein (Hoffmann et al., 2020b, 2020c; Zhu et
al., 2020). The cleavage of SARS-CoV-2 spike can occur either at the plasma
membrane via TMPRSS2 or in endolysosomes through cathepsins. Sufficient
TMPRSS2 levels may thus ablate the requirement for cathepsin and other factors linked
to endolysosomal activity, a hypothesis supported by our screen, which was carried out
in the context of TMPRSS2 overexpression and did not uncover cathepsins as crucial
host factors. By contrast, A549 and VeroEG6 cells do not express detectable TMPRSS2
levels, and the virus may thus rely preferentially on cathepsins for entry as screens in
these cells indicate (Daniloski et al., 2020; Matsuyama et al., 2020; Wei et al., 2020;
Zhu et al., 2020). However, nasal and lung epithelial cells, the natural target cells of

SARS-CoV-2, can express high levels of TMPRSS2 (Sungnak et al., 2020). We
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therefore speculate that the genes identified in our SARS-CoV-2 CRISPR screen using
Huh7.5.1-ACE2-IRES-TMPRSS2 cells are physiologically relevant to SARS-CoV-2

infection in vivo.

In summary, our study presents a screen for host factors carried out in a TMPRSS2-
positive genetic background. It therefore unveils host factors critical for SARS-CoV-2
infection that may be more physiologically relevant than those uncovered so far in other
genetic backgrounds. In addition, our comparative screens highlight commonalities and
differences between SARS-CoV-2 and the common cold coronaviruses OC43 and
229E. In particular, this comparison led to the identification of the PI3K complex and
cholesterol homeostasis as targets to pursue for the development of host-directed, pan-

coronaviral therapy.
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MAIN FIGURE TITLES AND LEGENDS

Figure 1: Genome-wide loss-of-function screens in human cells identify host
factors important for infection by SARS-CoV-2, 229E and OC43.

(A) Schematic of CRISPR-based KO screens for the identification of coronavirus host
factors. Huh7.5.1-Cas9 (with bicistronic ACE2-IRES-TMPRSS2 construct for SARS-
CoV-2 and without for 229E and OC43 screen) were mutagenized using a genome-wide
single-guide RNA (sgRNA) library. Mutant cells were infected with each coronavirus
separately and virus-resistant cells were harvested 10-14 days post infection (dpi). The
abundance of each sgRNA in the starting and selected population was determined by
high-throughput sequencing and a gene enrichment analysis was performed.

(B) Gene enrichment for CRISPR screen of SARS-CoV-2 infection. Enrichment scores
were determined by MaGECK analysis and genes were colored by biological function.
Dotted line indicates -logio(Enrichment Score)=4. The SARS-CoV-2 was performed
once.

(C) Gene enrichment for CRISPR screen of 229E infection. The 229E screen was
performed twice and combined MaGECK scores are displayed.

(D) Gene enrichment for CRISPR screen of OC43 infection. The OC43 screen was

performed twice and combined MaGECK scores are displayed.

Figure 2: Gene ontology analysis and network propagation highlight pathways
and biological networks important for coronavirus infection.
(A) Gene ontology (GO) enrichment analysis was performed on significant hits from the

individual CRISPR screens (MaGECK enrichment score <= 0.005