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SUMMARY
TheCoronaviridae are a family of viruses that cause disease in humans ranging frommild respiratory infection
to potentially lethal acute respiratory distress syndrome. Finding host factors common to multiple coronavi-
ruses could facilitate the development of therapies to combat current and future coronavirus pandemics.
Here,we conductedgenome-wideCRISPRscreens in cells infectedbySARS-CoV-2 aswell as two seasonally
circulating common cold coronaviruses, OC43 and 229E. This approach correctly identified the distinct viral
entry factorsACE2 (for SARS-CoV-2), aminopeptidaseN (for 229E), andglycosaminoglycans (forOC43). Addi-
tionally, 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 unique to SARS-CoV-2 infection. Pharmacological inhibition of phosphatidylinositol kinases and
cholesterol homeostasis reduced replication of all three coronaviruses. These findings offer important in-
sights for the understanding of the coronavirus life cycle and the development of host-directed therapies.
INTRODUCTION

The Coronaviridae family includes seven known human patho-

gens for which there are no approved vaccines and only limited

therapeutic options. The seasonally circulating human coronavi-

ruses (HCoV) OC43, HKU1, 229E, and NL63 cause mild, com-

mon 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 syn-

drome coronavirus (MERS-CoV) can lead to acute respiratory

distress syndrome and death, with fatality rates between 10%–
106 Cell 184, 106–119, January 7, 2021 ª 2020 Elsevier Inc.
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 thera-

peutic strategies.

Coronaviruses are enveloped, positive-sense single-stranded

RNA viruses with a genome length of approximately 30 kb.

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
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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.

(legend continued on next page)
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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 enve-

lope, and the resulting virions are released from infected cells

(Fung and Liu, 2019). During these steps, specific cellular pro-

teins are hijacked and play crucial roles in the viral life cycle.

For example, the angiotensin-converting enzyme 2 (ACE2) is ex-

ploited 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 effi-

cient membrane fusion with host cells (Bertram et al., 2013; Hoff-

mann et al., 2020b; 2020c; Shirato et al., 2013; Simmons et al.,

2005). Systematic studies have illuminated virus-host interac-

tions 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 labeling identified candidate host factors based on their

proximity to coronavirus replicase complexes (V’kovski et al.,

2019). While these studies uncovered physical relationships be-

tween 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 muta-

genesis. 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 per-

formed 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 Coronaviridaemembers in order to probe for commonal-

ities and differences across the family. This strategy can reveal

potential pan-coronavirus host factors and thus illuminate tar-

gets 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 previ-

ously implicated host pathways, uncover new aspects of virus-

host interaction, and identify targets for host-directed antiviral

treatment.

RESULTS

CRISPR KO 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
(B) Gene enrichment for CRISPR screen of SARS-CoV-2 infection. Enrichment s

logical function. Dotted line indicates�log10(Enrichment Score) = 4. The SARS-Co

found in Table S1.

(C) Gene enrichment for CRISPR screen of 229E infection. The 229E screen was

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

108 Cell 184, 106–119, January 7, 2021
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 wild-type

(WT) Huh7.5.1 cells (Figure S1D). This led to increased viral up-

take of a SARS-CoV-2 S-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 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 fitness genes within 7 days post-li-

brary 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 fac-

tors across the human genome (Figure 1A; 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 S1I). Importantly, the

known viral entry receptors ranked among the top hits: ACE2

for SARS-CoV-2 and aminopeptidase N (ANPEP) for 229E (Fig-

ures 1B and 1C) (Letko et al., 2020; Yeager et al., 1992). OC43,

unlike the other coronaviruses, does not have a known proteina-

ceous receptor but primarily depends on sialic acid or glycos-

aminoglycans for cell entry (Hulswit et al., 2019; Ströh and

Stehle, 2014); consistent with this fact, multiple heparan sulfate

biosynthetic genes (B3GALT6, B3GAT3, B4GALT7, 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 hep-

aran sulfate for efficient infection (Clausen et al., 2020). Overall,

the 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; 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
cores were determined by MaGECK analysis and genes were colored by bio-

V-2 screen was performed once. All genes and their enrichment scores can be

performed twice and combined MaGECK scores are displayed.

s performed twice and combined MaGECK scores are displayed.
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Figure 2. Gene Ontology Analysis and Network Propagation Highlight Pathways and Biological Networks Important for Coronavirus

Infection

(A) GeneOntology (GO) enrichment analysis was performed on significant hits from the individual CRISPR screens (MaGECKenrichment score% 0.005). p values

were calculated by hypergeometric test and a false discovery rate was used to account for multiple hypothesis testing. The top GO terms of each screen were

selected for visualization. A complete list of significant GO terms can be found in Table S2.

(B) Data integration pipeline for network propagation of identified host factor genes. Unthresholded CRISPR screen enrichment scores served as initial gene

labels for network propagation using Pathway Commons. Separately propagated networks were integrated gene-wise (via multiplication) to identify biological

networks that are shared between all three datasets. Genes found to be significant in the propagation were extracted, clustered into smaller subnetworks, and

annotated using GO enrichment analysis (see STAR Methods).

(C) Selected biological subnetwork clusters from network propagation. Cluster title indicates themost significant biological function(s) for each cluster. Circle size

represents p value from network propagation permutation test (see STARMethods and Table S3). The original enrichment score of a gene in each CRISPR screen

is indicated by color scale within the circle. The entire set of identified clusters is displayed in Figure S3A. (#) is the cluster number, which refers to the GO

enrichment analysis of biological processes in Figure S3B and Table S2.

ll

Cell 184, 106–119, January 7, 2021 109

Article



ll
Article
in the SARS-CoV-2 screen (Figure S2A). This complex catalyzes

the conversion of phosphatidylinositol-3-phosphate to phospha-

tidylinositol-3,5-bisphosphate, which is localized to late endo-

somes (Shisheva, 2012). Interestingly, the CRISPR screens

with 229E and OC43 identified the subunits (PIK3C3, UVRAG,

BECN1, and PIK3R4) of the class III phosphatidylinositol 3-ki-

nase (PI3K) complex, which generates the precursor phosphati-

dylinositol-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 ho-

meostasis, 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 KOs of genes in the sterol reg-

ulatory 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 translo-

cate to the nucleus to activate fatty acid and cholesterol biosyn-

thesis. SREBF1 and SREBF2 themselves did not score in the

screen, potentially due to their functional redundancy. LDLR

(low density lipoprotein receptor), important for cholesterol up-

take, was enriched in both the SARS-CoV-2 and the 229E

screen, while SCAP was also enriched in the OC43 screen (Fig-

ures S2A and S2B). Additionally, NPC1 (Niemann-Pick intracel-

lular cholesterol transporter 1), which facilitates export of choles-

terol from the endolysosomal compartment, ranked highly in the

229E screen (Figure 1C) (Höglinger et al., 2019). Overall, our data

indicate a strong link between intracellular cholesterol levels and

infection by all three coronaviruses.

Some geneswere found in theOC43 and 229E screens but not

in the SARS-CoV-2 screen. For instance, the common cold co-

ronavirus screens showed a strong overlap of genes that are

important for endosome and autophagosome maturation (Fig-

ures 1C, 1D, and S2B). These include RAB7A, components of

the HOPS complex (encoded by VPS11, VPS16, VPS18,

VPS33A), the Ccz1-Mon1 guanosine exchange factor complex

(encoded by CCZ1, CCZ1B, C18orf8), genes expressing the

WDR81-WDR91 complex, and other genes related to lysosome

and autophagosome function (SPNS1, TOLLIP, TMEM41B, AM-

BRA1) (Balderhaar and Ungermann, 2013; Heged}us et al., 2016;

Hoffmann et al., 2020a; Katoh et al., 2004; 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 Klumper-

man, 2009). Interestingly, the HOPS complex, cathepsins,

GNPTAB, and SPNS1 were previously linked to Ebola virus en-

try, implying similar viral entry strategies (Carette et al., 2011;

Flint et al., 2019).

The OC43 and 229E screens also uncovered KEAP1, the prin-

cipal negative regulator of NRF2, whose activation restores
110 Cell 184, 106–119, January 7, 2021
cellular redox and protein homeostasis (Figures 1C and 1D)

(Cuadrado et al., 2019). Activation of the NRF2 transcriptional

programmay induce a cellular state that is protective against co-

ronavirus infection. Indeed, NRF2 agonists seem to elicit an anti-

viral response as demonstrated in cell culture and were pro-

posed 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.

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 traf-

ficking 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 de-

mentia (Figure 1B) (Lüningschrör et al., 2020). Deletions in

TMEM106B have been shown to cause defects in lysosome traf-

ficking, impaired acidification, and reduced levels of lysosomal

enzymes, but its precise molecular function remains enigmatic

(Klein et al., 2017; Lüningschrör et al., 2020). TMEM106B KO

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 subse-

quent 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 unthre-

sholded datasets to better understand the functional connec-

tions between the genes identified in our screens (Cowen

et al., 2017). This approach allowed us to identify molecular net-

works that emerge from our datasets even if certain gene mem-

bers 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 neighbor-

hood 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
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Figure 3. KO of Candidate Host Factor Genes Reduces Coronavirus Infection

(A) Quantitative reverse-transcriptase PCR (RT-qPCR) quantification of intracellular SARS-CoV-2 levels in RNP-edited A549-ACE2 cells. A non-targeting sgRNA

was used as control. Cells were infected using MOI = 0.1 and harvested at 72 h post-infection (hpi).

(legend continued on next page)
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propagation approach to identify subnetworks and pathways

that were common across the three coronavirus screens (Fig-

ure 2B). Briefly, we propagated the unthresholded CRISPR

screen enrichment scores from each coronavirus screen and uti-

lized 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 sub-

networks 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/ phospho-

lipid metabolism and indicated a functional link between VAC14

and subunits of the PI3K complex as described above.

Moreover, network propagation also identified previously un-

appreciated 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 (Fig-

ures 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 rele-

vant for infection as well as interactors with viral proteins (Fig-

ure S2C). Altogether, the network propagation and cross-com-

parison with the protein interaction network highlighted

numerous distinct cellular processes that may have critical roles

during coronavirus infection.

KO 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 intro-

duced gene deletions for several top hits in A549 lung epithelial
(B) RT-qPCR quantification of intracellular SARS-CoV-2 levels in Calu-3 cells len

A non-targeting sgRNA was used as control. Cells were infected using MOI = 0.1

(C) RT-qPCR quantification of intracellular SARS-CoV-2 levels in WT Huh7.5.1, TM

Cells were infected using MOI = 0.1 and harvested at 24 hpi.

(D) RT-qPCR quantification of intracellular SARS-CoV-2 levels in WT Huh7.5.1, V

MOI = 0.1 and harvested at 24 hpi.

(E) RT-qPCR quantification of intracellular SARS-CoV-2 levels in WT Huh7.5.1, SC

and harvested at 24 hpi.

(F) RT-qPCR quantification of intracellular OC43 and 229E RNA levels in WT and T

infected using MOI = 0.05 (229E) and MOI = 3 (OC43) and harvested at 48 hpi.

(G–I) RT-qPCR quantification of intracellular viral RNA for (G) OC43, (H) 229E, or

VPS16, BECN1, PIK3R4, or UVRAG.

(J–L) RT-qPCR quantification of intracellular viral RNA for (J) SARS-CoV-2, (K) OC

(M–O) RT-qPCR quantification of intracellular viral RNA for (M) SARS-CoV-2, (N) O

For SARS-CoV-2 infection, viral N gene transcripts were normalized to cellular RN

For all RT-qPCR experiments, results are displayed relative to infection in WT ce
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cells transduced with ACE2 (A549-ACE2) using Cas9 ribonu-

cleoproteins (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,

EXOC6, EXOC8); the cholesterol homeostasis genes SCAP,

MBTPS1, and MBTPS2; the phosphatidylinositol kinase com-

plex genes PIKFYVE and VAC14; or TMEM106B (Figure 3A).

Next, we lentivirally introduced Cas9 and sgRNAs against a sub-

set 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 muta-

tions 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

and 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 sug-

gests that the latter genes are more rate-limiting in SARS-CoV-2

infection.

Next, we probed Huh7.5.1 cells lacking genes involved in en-

dosome 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). Addi-

tionally, we observed increased cell viability in all KO cells rela-

tive to WT Huh7.5.1 cells 8 days post infection (dpi) (Figures

S4C and S4D), indicating that these genes are important for

infection by the 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 infec-

tion was reduced in cells lacking certain endosomal or PI3K

genes in the context of Huh7.5.1 withoutACE2-IRES-TMPRSS2,

similar to the common cold coronaviruses (Figure 3I). Comple-

mentation of PIK3R4 and VPS16 KO cells with respective cDNAs
tivirally transduced with Cas9/sgRNA cassettes targeting the indicated genes.

and harvested at 48 hpi.

EM106B KO, or TMEM106B KO cells with TMEM106B cDNA add-back (AB).

AC14 KO, or VAC14 KO cells with VAC14 cDNA AB. Cells were infected using

AP KO,MBTPS2 KO, or EXOC2 KO cells. Cells were infected using MOI = 0.1

MEM106B, VAC14, SCAP,MBTPS2, or EXOC2 KO Huh7.5.1 cells. Cells were

(I) SARS-CoV-2 in WT Huh7.5.1 cells or cell lines deficient in CCZ1B, RAB7A,

43, or (L) 229E in WT, PIK3R4 KO, or PIK3R4 KO cells with PIK3R4 cDNA AB.

C43, or (O) 229E in WT, VPS16 KO, or VPS16 KO cells with VPS16 cDNA AB.

aseP. For OC43 and 229E experiments, viral RNA was normalized to 18S RNA.

lls, and data represent means ± SEM from three biological samples.
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Figure 4. Pharmacological Inhibition of Identified Host Factors Decreases Infection with SARS-CoV-2 and Common Cold Coronaviruses

(A–C) SAR405 (PI3K inhibitor) dose-response curves for (A) SARS-CoV-2, (B) 229E, and (C) OC43 replication in Huh7.5.1 cells and for cell viability of SAR405-

treated cells.

(D–F) PF-429242 (MBTPS1 inhibitor) dose-response curves for (D) SARS-CoV-2, (E) 229E, and (F) OC43 replication in Huh7.5.1 cells and for cell viability of

PF-429242 treated cells.

(G–I) 25-hydroxycholesterol (25-HC) dose-response curves for (G) SARS-CoV-2, (H) 229E, and (I) OC43 replication in Huh7.5.1 cells and for cell viability of 25-HC

treated cells.

(legend continued on next page)
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restored SARS-CoV-2 and 229E and, to a lesser degree, OC43

replication levels (Figures 3J–3O and S4B). To rule out the pos-

sibility that decreased viral replication is not due to severe

cellular growth defects, we measured proliferation of RNP-edi-

ted A549-ACE2 and clonal Huh7.5.1 KO cells. Apart from

SCAP KO cells, we did not observe any notable growth differ-

ences 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 al-

lows 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 coronavi-

rus infection.

Given the strong dependence of all three coronaviruses on

PIK3R4, we tested SAR405, a selective and ATP-competitive in-

hibitor of class III PI3K (PIK3C3) (Ronan et al., 2014). The drug ex-

hibited 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–4C). Given that VAC14, a PIKfyve complex component, was

a strong hit in the SARS-CoV-2 screen, we also tested the PIK-

fyve 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 ami-

nopyrrolidineamide inhibitor of MBTPS1 showed strong dose-

dependent reduction of SARS-CoV-2, 229E, and, to lesser

degree, OC43 replication with cytotoxicity only at high concen-

tration (Figures 4D–4F) (Hawkins et al., 2008). 25-Hydroxycho-

lesterol (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–4I). Fatostatin,

which binds to SCAP and inhibits ER-to-Golgi translocation of

SREBPs (Kamisuki et al., 2009), moderately reduced SARS-
(J and K) Bardoxolone (KEAP1-NRF2 activator) dose-response curves for (J) SARS

of Bardoxolone-treated cells.

For all experiments, compounds were added simultaneously with virus. Viral RNA

qPCR. SARS-CoV-2 RNAwas normalized to RnaseP, and 229E andOC43 RNAw

cells. Cell viability was assessed in parallel in drug-treated, uninfected cells and is

curves were fitted with least-squares regression using GraphPad Prism 8 and IC50
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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).

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–

4L), 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 cytotox-

icity (Figures S5D and S5E). Therefore, our genetic and pharma-

cological studies provide new targets for potential pan-coronavi-

rus host-directed therapies that may be explored further in vivo.
Cellular Cholesterol Is Important for S-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 overex-

pression cell line to facilitate efficient infection with a SARS-CoV-

2 S-pseudotyped vesicular stomatitis virus (VSV-SARS-CoV-2-

S) expressing GFP, which can be utilized to specifically probe ef-

fects on S-mediated entry of SARS-CoV-2. We then introduced

Cas9 RNPs and created KO lines for our genes of interest. Edit-

ing efficiencies were high and loss of protein was confirmed for

TMEM106B (Figures 5A; Table S4). As expected, ACE2KO dras-

tically 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 not

play a role in S-mediated entry (Figure 5B). We saw reduced up-

take of pseudotyped viral particles in all cells with KOs in choles-

terol-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 pre-

treated Huh7.5.1-ACE2/TMPRSS2 cells with different concen-

trations of PF-429242 or 25-HC and measured pseudotyped vi-

rus infection. Both drugs exhibited a dose-dependent reduction

of infection levels (Figures 5C and 5D), suggesting that cellular

cholesterol is required for efficient S-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
-CoV-2, (K) 229E, and (L) OC43 replication in Huh7.5.1 cells and for cell viability

was quantified after 24 hpi (SARS-CoV-2) or 48 hpi (229E and OC43) using RT-

as normalized to 18S RNA. Values represent means ± SEM relative to untreated

displayed as means ± SEM relative to DMSO or EtOH treated cells. Non-linear

was determined. All experiments were performed in three biological replicates.
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Figure 5. Cholesterol Is Required for S-Mediated Entry of SARS-CoV-2

(A) Western blot of ACE2 and TMEM106B levels from Huh7.5.1-ACE2/TMPRSS2 cells edited with non-targeting (NT) or TMEM106B-targeting RNPs. Lysates

were prepared under non-reducing conditions and TMEM106B appears as dimer. GAPDH was used as loading control. Molecular weight markers are indicated

on the left.

(B) VSV-SARS-CoV-2-S infection of clonal Huh7.5.1-ACE2/TMPRSS2 cells edited with RNPs targeting the specified genes. A NT sgRNA was used as control.

Cells were harvested at 8 hpi and analyzed for GFP+ cells using flow cytometry. Values represent five biological replicates and are displayed as means ± SD

(C) VSV-SARS-CoV-2-S infection of PF-429242-treated cells. Huh7.5.1-ACE2/TMPRSS2 cells were pretreated with different concentrations of PF-429242 for 2 h

and then infected with virus. Cells were analyzed by flow cytometry at 14 hpi and analyzed for GFP+ cells using flow cytometry. Values represent two biological

replicates at each concentration and are displayed as means ± SD

(D) VSV-SARS-CoV-2-S infection of 25-HC-treated cells. Huh7.5.1-ACE2/TMPRSS2 cells were pretreatedwith different concentrations of 25-HC for 2 h and then

infected with virus. Cells were analyzed by flow cytometry at 14 hpi. Values represent two biological replicates at each concentration and are displayed as

means ± SD
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set of host pathways, with potential roles for the entire Corona-

viridae 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 (Gor-

don et al., 2020a; Stukalov et al., 2020); given the essentiality of

SCAP for infection, the interacting viral proteins are likely to posi-

tively regulate SCAP activity and cholesterol levels. Interestingly,

two clinical studies found improved outcomes for coronavirus

disease 2019 patients treated with cholesterol reducers statins

(Daniels et al., 2020; Zhang et al., 2020). Mechanistically, our ge-

netic and pharmacological experiments showed that SARS-

CoV-2 requires cellular cholesterol for efficient entry. This obser-

vation is also supported by a recent screen for interferon-stimu-

lated genes that protect fromSARS-CoV-2 infection, which iden-

tified 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 inhibi-

tion (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 fac-

tor that may exhibit pan-coronavirus function. Due to its involve-

ment in multiple cellular processes including vesicular trafficking

and autophagy (Bilanges et al., 2019), it remains to be deter-

mined whether coronaviruses hijack the PI3K pathway during

entry and/or for the generation of double-membrane vesicles
required for the viral replication/transcription complexes. Our re-

sults also inform those of a recent drug repurposing screen that

identified �100 compounds that inhibited SARS-CoV-2 replica-

tion (Riva et al., 2020); notably, among those were PIKfyve inhib-

itors, protease inhibitors, and modulators of cholesterol homeo-

stasis. Our functional genomics data therefore suggest that the

observed effects of these compounds were possibly due to inhi-

bition of critical host factors.

While this study was under review, several other SARS-CoV-2

CRISPR screen studies were published or deposited as pre-

prints, 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 hep-

aran sulfate, supporting its validity. Additional notable candidate

host factors are TMEM106B, VAC14, cholesterol regulators, and

subunits of the exocyst. Remarkedly, themajority 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 impor-

tance was confirmed in several cell lines (including lung cells)

by Baggen et al. (2020) and our study.

By contrast, many of the host factors we found to be essen-

tial were missed by the other recently published studies (Dan-

iloski et al., 2020; Wei et al., 2020; Zhu et al., 2020), possibly

due to the different chosen experimental systems. Wei et al.

(2020) performed genome-wide CRISPR screens in the African

green monkey cell line VeroE6. Besides the bona fide entry
Cell 184, 106–119, January 7, 2021 115
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factors ACE2 and cathepsin L, the screen largely revealed

chromatin modifiers such as HMGB1 and the SWI/SNF chro-

matin remodeling complex (Wei et al., 2020). The former was

shown to regulate transcription of ACE2, thereby 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. (2020) and Zhu et al. (2020)

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, com-

mander 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 poly-

basic S1/S2 site of the viral S protein (Hoffmann et al., 2020b;

2020c; Zhu et al., 2020). The cleavage of SARS-CoV-2 S can

occur either at the plasma membrane via TMPRSS2 or in en-

dolysosomes through cathepsins. Sufficient TMPRSS2 levels

may thus ablate the requirement for cathepsin and other fac-

tors 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 VeroE6 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 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 car-

ried out in a TMPRSS2-positive genetic background. It there-

fore 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 compara-

tive 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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and Juhász, G. (2016). The Ccz1-Mon1-Rab7 module and Rab5 control

distinct steps of autophagy. Mol. Biol. Cell 27, 3132–3142.

Hoffmann, H.-H., Schneider, W.M., Rozen-Gagnon, K., Miles, L.A., Schuster,

F., Razooky, B., Jacobson, E., Wu, X., Yi, S., Rudin, C.M., et al. (2020a).

TMEM41B is a pan-flavivirus host factor. bioRxiv. https://doi.org/10.1101/

2020.10.09.334128.

Hoffmann, M., Kleine-Weber, H., and Pöhlmann, S. (2020b). A Multibasic
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Anti-GAPDH Santa Cruz Biotechnology Cat#sc-32233;

RRID: AB_627679

Goat anti-Rabbit IgG-HRP Southern Biotech Cat#4030-05;

RRID: AB_2687483

Goat anti-Mouse IgG-HRP Southern Biotech Cat#1031-05;

RRID: AB_2794307

Goat anti-ACE2 IgG R&D Systems Cat#AF933;

RRID: AB_355722

Rabbit anti-TMPRSS2 IgG Abcam Cat#ab92323;

RRID: AB_10585592

Rabbit Anti-Goat IgG-HRP R&D Systems Cat#HAF017;

RRID: AB_562588

Rabbit Anti-PIK3R4 Novus Biologicals Cat#NBP1-30463;

RRID: AB_2163632

Rabbit Anti-TMEM106B Atlas Antibodies Cat#HPA058342;

RRID: AB_2683684

Mouse Anti-VAC14 (C-10) Santa Cruz Biotechnology Cat#sc-271831;

RRID: AB_10709168

Bacterial and Virus Strains

HCoV-OC43 ATCC Cat#VR-1558

HCoV-229E ATCC Cat#VR-740

SARS-CoV-2 (USA/WA-1/2020 strain) BEI Resources Cat#NR-52281

SARS-CoV-2 Reporter Virus Particles Integral Molecular Cat#RVP-701

SARS-CoV-2 Spike-Pseudotyped VSV-dG-GFP This study N/A

Stbl3 E.coli Berkeley MacroLabs N/A

Chemicals, Peptides, and Recombinant Proteins

Polybrene Santa Cruz Biotechnology Cat#SC134220

Puromycin Dihydrochloride GIBCO Cat#A1113803

Blasticitin S HCl GIBCO Cat#A1113903

Hygromycin B Mirus Bio Cat#MIR5930

TrypLE Express GIBCO Cat#12604013

SAR405 SelleckChem Cat#S7682

YM201636 SelleckChem Cat#S1219

PF-429242 dihydrochloride Sigma Cat#SML0667

Fatostatin HBr SelleckChem Cat#S8284

Bardoxolone SelleckChem Cat#S6647

25-Hydroxycholesterol Sigma Cat#H1015

Zeocin InvivoGen Cat#ant-zn-1

Critical Commercial Assays

KAPA HiFi HotStart ReadyMixPCR Kit Kapa Biosciences Cat#KK2602

QuickExtract Lucigen Cat#QE09050

Power SYBR Cells-to-CT kit Invitrogen Cat#44-029-55

NEBuilder HiFi DNA Assembly Master Mix New England BioLabs Cat#E2621L

FugeneHD Promega Cat#E2311

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

QIAamp DNA Blood Maxi Kit QIAGEN Cat#51194

Quick-DNA Midiprep Plus Zymo Cat#D4075

QIAquick PCR Purification kit QIAGEN Cat#28104

QIAquick Gel Extraction Kit QIAGEN Cat#28704

TransIT-X2 Mirus Bio Cat#MIR6003

DNA/RNA Shield Zymo Cat#R1100-250

Quick-DNA/RNA Viral MagBead kit Zymo Cat#R2141

Luna Universal Probe One-Step RT-qPCR Kit NEB Cat#E3006E

Cell Titer Glo Promega Cat#G7570

Gibson Assembly master mix NEB Cat#E2611L

JetOptimus Polyplus Cat#117-07

QiaAmp virus RNA mini kit QIAGEN Cat#52906

SuperScript� III One-Step RT-PCR System with

Platinum� Taq DNA Polymerase

Invitrogen Cat#12574026

Deposited Data

Raw sequencing data for CRISPR KO screens EMBL-EBI ArrayExpress E-MTAB-9638

Tables S1, S2, S3, S4, and S5 Mendeley Data https://dx.doi.org/10.17632/r49yg49ddc

Experimental Models: Cell Lines

Huh7.5.1 Zhong et al., 2005 N/A

HEK293FT Thermo Scientific Cat#R70007

Vero ATCC Cat#CCL-81

A549-ACE2 Gift from Olivier Schwartz N/A

Calu-3 ATCC Cat#HTB-55

VeroE6 ATCC Cat#CRL-1586

Oligonucleotides

Primers for CRISPR screen library amplification, see

Table S5

This study N/A

Primers for cDNA cloning, see Table S5 This study N/A

sgRNA sequences for clonal Huh7.5.1 KO cell

generation, see Table S5

This study N/A

Primers for genotyping of clonal Huh7.5.1 KO cells,

see Table S5

This study N/A

sgRNA sequences for RNP editing of A549-ACE2 cells,

see Table S5

This study N/A

Primers for genotyping of RNP-edited A549-ACE2

cells, see Table S5

This study N/A

sgRNA sequences for Calu-3 KO cell generation,

see Table S5

This study N/A

qPCR primer and probe sequences, see Table S5 This study N/A

Primers for VSVdG-CoV-2-S generation and

sequencing, see Table S5

This study N/A

Recombinant DNA

lentiCas9-Blast Sanjana et al., 2014 Addgene Cat#52962

human GeCKO v2 library Sanjana et al., 2014 Addgene Cat#1000000049

pX458 Ran et al., 2013 Addgene Cat#48138

hACE2 Li et al., 2003 Addgene Cat#1786

TMPRSS2 Edie et al., 2018 Addgene Cat#53887

TMEM106B Genscript Cat#OHu17671

VAC14 Lemaire and McPherson, 2006 Addgene Cat#47418

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

plenti-CMV-Puro-DEST Campeau et al., 2009 Addgene Cat#17452

plenti-CMV-Hygro-DEST Campeau et al., 2009 Addgene Cat#17454

pCMV-dR8.2 dvpr Stewart et al., 2003 Addgene Cat#8455

pCMV-VSV-G Stewart et al., 2003 Addgene Cat#8454

pAdVAntage Promega Cat#E1711

pLenti-DsRed_IRES_EGFP Rousseaux et al., 2016 Addgene Cat#92194

PIK3R4 Johannessen et al., 2010 Addgene Cat#23488

VPS16 Jiang et al., 2014 Addgene Cat#67023

lentiCRISPRv2 Sanjana et al., 2014 Addgene Cat#52961

plenti-CMV-GFP-Zeo Campeau et al., 2009 Addgene Cat#17449

pCAGEN Matsuda and Cepko, 2004 Addgene Cat#11160

VSV-eGFP-dG Beier et al., 2011 Addgene Cat#31842

SARS-CoV2-S codon optimized gBlocks, see Table S5 IDT N/A

Software and Algorithms

MaGeCK Li et al., 2014 https://sourceforge.net/p/mageck/wiki/Home

R 3.6.0 R https://www.r-project.org

FlowJo 10.6.1 FlowJo LLC N/A

ChemiDoc MP Imaging System Bio-Rad N/A

MATLAB R2020a MathWorks N/A

Cytoscape 3.8.0 Cytoscape https://cytoscape.org

GraphPad Prism 8 GraphPad N/A

Sequencher 5.1 Gene Codes N/A

CFX Maestro� Software Bio-Rad Cat #12004110
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Andreas

S. Puschnik (andreas.puschnik@czbiohub.org).

Materials Availability
All requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact author. Materials will be made

available through the authors upon execution of a Material Transfer Agreement.

Data and Code Availability
The accession number for the raw sequencing data of the CRISPR KO screens reported in this paper is EMBL-EBI ArrayExpress:

E-MTAB-9638.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Huh7.5.1 (gift from Frank Chisari) (Zhong et al., 2005), HEK293FT (Thermo Scientific), Vero cells (ATCC), VeroE6 (ATCC) and A549-

ACE2 cells (gift from Olivier Schwartz) were cultured in DMEM (GIBCO) supplemented with 10% fetal bovine serum (FBS, Omega

Scientific), penicillin/streptomycin (GIBCO), non-essential amino acids (GIBCO) and L-glutamine (GIBCO) at 37C and 5% CO2.

Calu-3 cells (ATCC) were cultured in DMEM/F12 (GIBCO) supplemented with 10% FBS (Omega Scientific), penicillin/streptomycin

(GIBCO), non-essential amino acids (GIBCO) and L-glutamine (GIBCO) at 37C and 5% CO2. Huh7.5.1 and 293FT cell lines were

tested negative for mycoplasma contamination.

Virus stocks
OC43 was obtained from ATCC (VR-1558) and propagated in Huh7.5.1 cells at 33C. 229E was obtained from ATCC (VR-740) and

propagated in Huh7.5.1 cells at 33C. SARS-CoV-2 (USA/WA-1/2020 strain) was obtained through BEI Resources (NR-52281) and
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propagated in Vero cells at 37C. Supernatants were collected when cytopathic effect was apparent, filtered and stored at�80C. Viral

titers were determined by standard plaque assay using either Huh7.5.1 cells (OC43 and 229E) or Vero cells (SARS-CoV-2). Briefly,

serial 10-fold dilutions of virus stocks were used to infect cells in 6-well plates for 1 h and an overlay of DMEMmedia containing 1.2%

Avicel RC-591 was added. Cells were incubated for 3-4 days, followed by fixation with 10% formaldehyde, staining with crystal violet

and plaque counting. Additionally, SARS-CoV-2 stock was sequence-verified by next-generation sequencing. All experiments with

OC43 and 229E were performed in a biosafety level 2 laboratory and all experiments involving SARS-CoV-2 were performed in a

biosafety level 3 laboratory.

METHOD DETAILS

Plasmids, cloning and lentivirus production
The following cDNA sequence containing plasmids were obtained: hACE2 (Addgene, #1786, gift from Hyeryun Choe) (Li et al., 2003),

TMPRSS2 (Addgene, #53887, gift from Roger Reeves) (Edie et al., 2018), TMEM106B (Genscript, OHu17671), VAC14 (Addgene,

#47418, gift from Peter McPherson) (Lemaire and McPherson, 2006), PIK3R4 (Addgene, #23488, gift from William Hahn & David

Root) (Johannessen et al., 2010) and VPS16 (Addgene, #67023, gift from Noboru Mizushima) (Jiang et al., 2014).

Individual cDNAswere cloned into EcoRV-cut plenti-CMV-Puro-DEST (Addgene, #17452, gift from Eric Campeau & Paul Kaufman)

(Campeau et al., 2009) (TMEM106B, VAC14, PIK3R4, VPS16) or plenti-CMV-Hygro-DEST (Addgene, #17454, gift from Eric Campeau

& Paul Kaufman) (Campeau et al., 2009) (hACE2, TMPRSS2) using NEBuilder HiFi DNA Assembly Master Mix (NEB). To generate the

plenti-CMV-ACE2-IRES-TMPRSS2 construct, ACE2, EMCV IRES (derived from pLenti-DsRed_IRES_EGFP (Addgene, #92194, gift

from Huda Zoghbi)) (Rousseaux et al., 2016), and TMPRSS2 were individually amplified with addition of overlapping sequences and

the three fragments were assembled using NEBuilder HiFi DNA Assembly Master Mix. To generate plenti-TMPRSS2-TwinStrep,

TMPRSS2 was inserted into a plenti-CMV-GFP-Zeo vector (Addgene, # 17449, gift from Eric Campeau & Paul Kaufman) (Campeau

et al., 2009) via digestion with BamHI and SalI followed by assembly using the Gibson Assembly master mix (NEB). All primer se-

quences for cloning can be found in Table S5.

Lentivirus was produced in HEK293FT by co-transfection of cDNA containing lentiviral plasmid together with pCMV-dR8.2 dvpr

(Addgene, #8455, gift from Bob Weinberg) (Stewart et al., 2003), pCMV-VSV-G (Addgene, #8454, gift from Bob Weinberg) (Stewart

et al., 2003) and pAdVAntage (Promega) using FugeneHD (Promega). Supernatants were collected 48 h post-transfection, filtered

and added to recipient cells in presence of Polybrene (SCBT). Transduced cells were subsequently selected using Puromycin or Hy-

gromycin for 5-7 days.

Genome-wide CRISPR screens
Huh7.5.1-Cas9 cells were generated by lentiviral transductionwith lentiCas9-blast (Addgene, #52962, gift fromFeng Zhang) (Sanjana

et al., 2014) and subsequently selected with blasticidin for 7 days. A portion of Huh7.5.1-Cas9 cells were additionally transducedwith

lentivirus containing ACE2-IRES-TMPRSS2-hygro. To generate CRISPR KO libraries, a total of 240 million Huh7.5.1-Cas9-blast or

Huh7.5.1-Cas9-blast+ACE2-IRES-TMPRSS2-hygro cells were transduced with lentivirus of the human GeCKO v2 library (Addgene,

#1000000049, gift from Feng Zhang) (Sanjana et al., 2014) at a moi of 0.4 and subsequently selected using puromycin and expanded

for 7 days. A total of 60 million mutagenized cells for each GeCKO sublibrary (A and B) were collected for genomic DNA extraction to

assess the sgRNA representation of the starting population at day 7 post-transduction. In order to assess the sgRNA representation

in the lentiviral supernatant used for transduction at day 0, we isolated lentiviral genomes using the DirectZol kit (Zymo), reverse-tran-

scribed the purified RNA and amplified the sgRNA sequences as described below.

For the SARS-CoV-2 CRISPR host factor screen, 100 million cells of Huh7.5.1-Cas9-blast+ACE2-IRES-TMPRSS2-hygro GeCKO

library cells were infected with SARS-CoV-2 at a multiplicity of infection (moi) of 0.01. Virus-induced cell death was apparent after 2-

3 days and surviving cells were collected 12 dpi. The screen was performed once.

For the 229E and OC43 CRISPR screens, 100 million cells (per screen) of Huh7.5.1-Cas9-blast GeCKO library cells were in-

fected with 229E and OC43 at moi of 0.05 and 3, respectively. Cells were incubated at 33C to increase CPE, which was

apparent after 3-4 days. Surviving cells were collected after 10 days for 229E and 14 days for OC43. Each screen was per-

formed in two replicates. For all CRISPR screens, genomic DNA (gDNA) was extracted using either QIAamp DNA Blood

Maxi Kit (QIAGEN) or Quick-DNA Midiprep Plus (Zymo). The sgRNA expression cassettes were amplified from gDNA in a

two-step nested PCR using KAPA HiFi HotStart ReadyMixPCR Kit (Kapa Biosystems). For PCR1, 40 reactions (for control sam-

ples) and 10-16 reactions (for virus selected samples) containing 4 mg gDNA were set up and amplified for 16 cycles. Reactions

were pooled, mixed and 200 mL were cleaned up using QIAquick PCR Purification kit (QIAGEN). For PCR2, 3 reactions contain-

ing 5 mL PCR1 product were amplified for 12 cycles using indexed primers. PCR products were gel purified using QIAquick Gel

Extraction Kit (QIAGEN) and sequenced on an Illumina NextSeq 500 using a custom sequencing primer. Primers sequences are

listed in Table S5.

Demultiplexed FASTQ files were aligned to a reference table containing sgRNA sequences and abundance of each sgRNA was

determined for each starting and selected cell population. Guide count tables were further processed using MaGECK with default

‘‘norm-method’’ to determine positive enrichment scores for each gene (Li et al., 2014). For 229E and OC43, two biological screen

replicates were used as input, and for SARS-CoV-2, one biological screen replicate was used. The gene ontology enrichment of the
Cell 184, 106–119.e1–e8, January 7, 2021 e4
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individual screens was run on genes with MaGECK positive score £ 0.005 using the GO Biological Processes of the Molecular Sig-

natures Database (MSigDB).

Network propagation
Weperformed network propagation analysis for the three virus CRISPR screens using the Pathway Commons network (Cerami et al.,

2011). Specifically, we used a heat-diffusion kernel analogous to random walk with restart (RWR, also known as insulated diffusion

and personalized PageRank) which better captures the local topology of the interaction network compared to a general heat diffusion

process. The process is captured by the steady-state solution as follows:

PSS = aðI � ð1� aÞWÞ�1
P0

where PSS represents the vector of propagated values at steady-state, P0 is the initial labeling (genes of interest from molecular

studies), W is the normalized version of the adjacency matrix of the underlying network (in this implementation W = AD-1, where A

is the unnormalized adjacency matrix, and D is the diagonal degree matrix of the network), I is the identity matrix, and a denotes

the restart probability (here, a = 0.2), which is the probability of returning to the previously visited node, thus controlling the spread

through the network.

We performed three independent propagations, one for each CRISPR dataset (i.e., each virus). After propagation, each propa-

gated network was integrated by multiplying gene-wise. Such an operation is used to create a gene list ranked to prioritize genes

with high scores from all propagated datasets. To control for nodes with high degree (i.e., many connections), which due to their

heightened connectivity are biased to receive higher propagation scores, we conducted a permutation test. Specifically, we simu-

lated random propagations by shuffling the positive scores to random genes, repeating this 20,000 times per CRISPR screen. Next,

we calculated an empirical p value by calculating the fraction of random propagation runs greater than or equal to the true propaga-

tion run for each gene.

The network was created by extracting a subnetwork from the same Pathway Commons network corresponding to genes pos-

sessing a significant p value (p £ 0.01) from the propagation (n = 378). Of these, interconnected genes were visualized using Cyto-

scape (n = 284). The resulting network was clustered into subnetworks using the GLay Cytoscape plugin (Su et al., 2010). Three large

clusters (1, 3, and 5) were further clustered using GLay into additional subclusters (denoted with letters), resulting in a total of 25 sub-

network clusters (see Figure S3A and Table S3). Lastly, Gene Ontology (GO) enrichment analysis (biological process) was performed

for each of the 25 resulting subclusters to identify biological processes and pathways associated with each subcluster.

Generation of clonal Huh7.5.1 KO cell lines
sgRNA sequences against gene targets were designed using the GPP sgRNA Designer (https://portals.broadinstitute.org/gpp/

public/analysis-tools/sgrna-design). DNA oligos (IDT) containing sgRNA sequences were annealed and ligated into pX458 (Addg-

ene, #48138, gift from Feng Zhang) (Ran et al., 2013). Cells were transfected with pX458 constructs using Mirus TransIT-X2 (Mirus

Bio) and two days later GFP positive cells were single-cell sorted into 96-well plates using a Sony SH800 cell sorter. For genotyp-

ing, genomic DNA was isolated from obtained clones using DNA QuickExtract (Lucigen), the sgRNA-targeted sites PCR amplified

and the products Sanger-sequenced. Obtained sequences were compared to reference sequences and clones containing a

frameshift indel or de novo stop codon were selected. A list of all used sgRNA sequences and genotyping primers can be found

in Table S5.

To isolate a clonal Huh7.5.1-ACE2/TMPRSS2 cell line, polyclonal Huh7.5.1-ACE2/TMPRSS2 were diluted and plated in 96-well

plates. Single colonies were grown up and clones were screened for high expression of ACE2 and TMPRSS2 by western blot.

Generation of RNP edited A549-ACE2 and Huh7.5.1-ACE2/TMPRSS2 cells
sgRNAs were designed according to Synthego’s multi-guide gene knockout. Briefly, two or three sgRNAs are bioinformatically de-

signed to work in a cooperative manner to generate small, knockout-causing, fragment deletions in early exons. These fragment de-

letions are larger than standard indels generated from single guides. The genomic repair patterns from a multi-guide approach are

highly predictable based on the guide-spacing and design constraints to limit off-targets, resulting in a higher probability protein

knockout phenotype.

RNA oligonucleotides were chemically synthesized on Synthego solid-phase synthesis platform, using CPG solid support contain-

ing a universal linker. 5-Benzylthio-1H-tetrazole (BTT, 0.25 M solution in acetonitrile) was used for coupling, (3-((Dimethylamino-

methylidene)amino)-3H-1,2,4-dithiazole-3-thione (DDTT, 0.1 M solution in pyridine) was used for thiolation, dichloroacetic acid

(DCA, 3% solution in toluene) for used for detritylation. Modified sgRNAwere chemically synthesized to contain 2’-O-methyl analogs

and 3¢ phosphorothioate nucleotide interlinkages in the terminal three nucleotides at both 5¢ and 3¢ ends of the RNAmolecule. After

synthesis, oligonucleotides were subject to series of deprotection steps, followed by purification by solid phase extraction (SPE).

Purified oligonucleotides were analyzed by ESI-MS.

To induce gene knockout in A549-ACE2 cells, 5 pmol Streptococcus Pyogenes NLS-Sp.Cas9-NLS (SpCas9) nuclease (Aldevron)

was combined with 15 pmol total synthetic sgRNA (5 pmol each sgRNA) (Synthego) to form ribonucleoproteins (RNPs) in 20uL total

volume with SE. Buffer (Lonza). To induce knockouts in Huh7.5.1-ACE2/TMPRSS2 cells, 30 pmol total synthetic sgRNA was mixed
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with 10 pmol Cas9 in 20uL total volume SE buffer. The RNP assembly reaction wasmixed by pipetting up and down and incubated at

room temperature for 10 min.

All cells were dissociated into single cells using TrypLE Express (GIBCO), as described above, resuspended in culture media and

counted. For A549-ACE2 transfections, 100,000 cells per reaction were used while for Huh7.5.1-ACE2/TMPRSS2 200,000 cells per

reaction were used. Cells were pelleted by centrifugation at 200 xg for 5 min. Following centrifugation, cells were resuspended in

transfection buffer according to cell type. 5 mL of cell solution was added to preformed RNP solution and gently mixed. Nucleofec-

tions were performed on a Lonza HT 96-well nucleofector system using programCM-120 and CM-104 for A549-ACE2 and Huh7.5.1-

ACE2/TMPRSS2, respectively. All transfections were performed in Lonza SE buffer. Immediately following nucleofection, each reac-

tion was divided evenly between two wells of a tissue-culture treated 96-well plate containing 100mL normal culture media. Two days

post-nucleofection, DNAwas extracted from using DNAQuickExtract (Lucigen). Amplicons for indel analysis were generated by PCR

amplification. PCR products were cleaned-up and analyzed by sanger sequencing. Sanger data files and sgRNA target sequences

were input into Inference of CRISPR Edits (ICE) analysis (https://ice.synthego.com) to determine editing efficiency and to quantify

generated indels (Hsiau et al., 2019). A list of all used sgRNA sequences and genotyping primers can be found in Table S5.

Generation of polyclonal Calu-3 KO cell lines
DNA oligos (IDT) containing sgRNA sequences (see Table S5) were annealed and ligated into lentiCRISPRv2 (Addgene, #52961, gift

from Feng Zhang) (Sanjana et al., 2014). Lentivirus for each individual construct was produced as described above. Calu-3 cells were

co-transduced with two lentiviruses encoding separate sgRNAs per gene or with a non-targeting sgRNA encoding lentivirus in pres-

ence of polybrene. Transduced Calu-3 cells were selected with puromycin (2 mg/mL) for 9 days prior to infection experiments.

RT-qPCR infection assays
Cells were plated in 96-well plates and infected the next day with virus: OC43 (moi = 3), 229E (moi = 0.05), SARS-CoV-2 (moi = 0.1).

For infection with HCoVs, cells were harvested 48 hpi, lysates were reverse transcribed and quantitative PCR was performed on a

Bio-Rad CFX96 Touch system using the Power SYBR Cells-to-CT kit (Invitrogen) according to the manufacturer’s instructions. 229E

and OC43 RNA levels were quantified with virus-specific primer sets and viral RNA levels were normalized to cellular 18S levels.

For SARS-CoV-2 infections, Huh7.5.1, Calu-3 and A549-ACE2 cells were harvested after 24, 48 and 72 h, respectively, using

200 mL DNA/RNA Shield (Zymo) to inactivate virus prior to export from the BSL3 laboratory. Samples were extracted using the

Quick-DNA/RNA Viral MagBead kit (Zymo) on a Bravo automated liquid handling platform (Agilent). Briefly, the Bravo RNA extraction

protocol consists of: 1) 180 mL sample transfer from 2mL deep well to a 1mL deep well plate containing Proteinase K; 2) addition of

Zymo Viral DNA/RNA Buffer for sample lysis; 3) Addition of Zymo MagBeads; 4) 10 min mixing and shaking of samples with lysis

buffer and MagBeads; 5) incubation of the mixture on a 96 well ring magnet to collect the beads to a ring at the bottom of the

deep well plate; 6) aspiration of the supernatant and dispensing into a 2mL deep well waste plate; 7) addition of wash buffers 1

with mixing; 8) incubation on the 96 well ring magnet; 9) aspiration. Steps 7-9 are repeated for wash buffer 2 and two rounds of

100% ethanol. 10) incubation on the magnet for 20 min to fully evaporate residual 100% ethanol from the beads; 11) Elution with

nuclease-free water.

For RT-qPCR, separate reactions were performed for the quantification of SARS-CoV-2 N and E gene transcripts as well as cellular

RNaseP for normalization using the LunaUniversal ProbeOne-Step RT-qPCRKit (NEB) on aBio-RadCFX384 Touch system. N and E

gene transcripts showed high concordance and N gene levels normalized to RNaseP were displayed in figures. All qPCR primer/

probe sequences are listed in Table S5.

Western blots
Cells were lysed using Laemmli SDS sample buffer containing 5%beta-mercaptoethanol and boiled at 95C for 10min with the excep-

tion of lysates for TMEM106B immunoblotting. In this case, cells were lysed in RIPA buffer on ice for 15min, then mixed with Laemmli

under non-reducing conditions and without boiling. All lysates were separated by SDS-PAGE on pre-cast Bio-Rad 4%–15% poly-

acrylamide gels in Bio-Rad Mini-Protean electrophoresis system. Proteins were transferred onto PVDF membranes using Bio-

Rad Trans-Blot Turbo transfer system. PVDF membranes were blocked with PBS buffer containing 0.1% Tween-20 and 5% non-

fat milk. Blocked membranes were incubated with primary antibody diluted in blocking buffer and incubated overnight at 4C on a

shaker. Primary antibodies were detected by incubatingmembranes with 1:5000 dilution of HRP-conjugated (Southern Biotech) sec-

ondary anti-mouse and anti-rabbit antibodies for 1 h at room temperature. Blots were visualized using a ChemiDoc MP Imaging Sys-

tem (Bio-Rad). The following primary antibodies and their dilutions were used in this study: GAPDH (SCBT, sc-32233) at 1:2000,

ACE2 (R&D Systems, AF933) at 1:1000, TMPRSS2 (Abcam, ab92323) at 1:1000, TMEM106B (Sigma, HPA058342) at 1:2500,

VAC14 (SCBT, sc-271831) at 1:2500, PIK3R4 (Novus Biologicals, NBP1-30463) at 1:2500.

Lentiviral pseudo-typed virus infection
Cells were plated in 96-well plates and infected with 30 mL of SARS-CoV-2 Reporter Virus Particles (Integral Molecular, RVP-701) per

well. After 48-72 h, infection rates were measured according the GFP levels using a Cytoflex flow cytometer (Beckman Coulter Life

Sciences).
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Generation of SARS-CoV-2-S pseudotyped Vesicular stomatitis virus (VSV-SARS-CoV-2-S)
SARS-2-S (based on Wuhan-Hu-1 isolate, GenBank: MN908947.3) was generated using codon optimized gBlock fragments (IDT)

spanning genome fragments from 18851-19820, 19771-20740, 20692-21595, 21544-22338, and 22289-22745 (see Table S5),

assembled by Gibson Assembly. Two mutation (K1269A and H1271A) to remove a prospective ER retention domain) based on

data from SARS-CoV1 (McBride et al., 2007) were introduced by PCR. This gene was assembled into VSV-eGFP-dG (Addgene,

#31842, gift from Connie Cepko) (Beier et al., 2011) in frame with the G coding sequence between MluI and NotI to generate

VSV-eGFP-CoV2-S(AA). Helper plasmids for rescue were generated by amplification of genes from VSV-eGFP-dG and cloning by

restriction digestion and ligation into pCAGEN (Addgene, # 11160, gift from Connie Cepko) (Matsuda and Cepko, 2004) to generate

pCAGEN-VSV-N, pCAGEN-VSV-P, and pCAGEN-VSV-L. To rescue the VSVdG-CoV2-S(AA), 293FT cells were co-cultured with

Huh7.5.1 cells at a ratio of 1:2 in a 6-well plate to be 80%–90%confluent the next day. Cells were transfected using JetOptimus (Poly-

plus) with pCAGGS-T7 (200ng), pCAGEN-CoV2-N (300ng), pCAGEN-CoV2-P (500ng), pCAGEN-CoV2-L (200ng), pCMV-VSV-G

(800ng), and VSV-eGFP-CoV2-S(AA) (650ng). Cells were trypsinized and passed to a 10cm plate at 4 days post-transfection. At

10 days post-transfection, syncytia formation was seen and at 11 days post-transfection most of the cells had strong green fluores-

cence and supernatant was collected and frozen at �80�C. Huh7.5.1 cells were infected with supernatant and passaged 6 times

every 3-4 days. Passage 6 supernatant was collected and a plaque assay was performed using VeroE6-TMPRSS2 cells. At day

4, plaques were isolated and grown on VeroE6-TMPRSS2- cells. Stock virus used for experiments was generated by infecting

VeroE6 cells at 34�C for 3 days and collecting supernatant. Clarified supernatant was supplemented with sucrose phosphate and

frozen at �80�C. Viruses were titrated on VeroE6-TMPRSS2 cells. To sequence the S region of the virus, RNA was isolated using

the QiaAmp viral RNA mini kit (QIAGEN). The S regions was amplified using SuperScript III One-Step RT-PCR System with Platinum

Taq DNA Polymerase (Invitrogen). Mutations in S were detected with a 27nt (9aa) deletion at the C terminus (1274STOP) and a partial

mutation A372T (�50%) in the ectodomain. Similar adaptive mutations were found in previously published VSVdG-CoV2-S (Dieterle

et al., 2020).

Flow cytometry analysis of VSV-SARS-CoV-2-S infected cells
Cells plated in 96-well plates were spin-infected with VSV-SARS-CoV-2-S (800 g, 60min, 34C) and subsequently cultured at 37C for

7-14 hpi. For analysis of VSV-SARS-CoV-2-S infection rates, cells were trypsinized, and analyzed using a Cytoflex S flow cytometer

(Beckman Coulter). Approximately 5,000 cells were recorded and gated based on FSC/SSC, FSC-H/FSC-A (singlets) and FITC

(eGFP) using FlowJo 10.

Compounds
The following compounds were used in this study: SAR405 (SelleckChem, S7682), YM201636 (SelleckChem, S1219), PF-429242

dihydrochloride (Sigma, SML0667), 25-Hydroxycholesterol (Sigma, H1015), Bardoxolone (SelleckChem, S6647) and Fatostatin

HBr (SelleckChem, S8284). 25-Hydroxycholesterol was resuspended in 100% ethanol and all other compounds were resuspended

in DMSO. All compounds were stored at �20C until use.

Cell viability and growth assays
Huh7.5.1 or Calu-3 cells were treated with compounds at the same concentrations and durations as in infection assays. Cell viability

was measured using Cell Titer Glo (Promega) by mixing cells in 40 ml media with 40 ml assay buffer and reading the luminescence

signal on Envision 2105 plate reader (Perkin Elmer). To assess cell growth for WT and KO Huh7.5.1 cells, cells were plated in 96-

well plates and Cell Titer Glo assay was performed daily for three consecutive days. To assess cell growth for RNP-edited A549-

ACE2 cells, proliferation was determined by confluence of knockout pools using a Celigo Imaging Cytometer (Celigo) with built in

‘Confluence’ image analysis pipeline. Each well was independently imaged using brightfield illumination, autoexposure and autofo-

cus with a 40 mm focus offset to increase contrast. Analysis was performed using standard settings except for an intensity threshold

of 8. To measure the number of surviving cells upon SARS-CoV-2 challenge, cells were plated in a 96-well black plates with glass

bottom and infectedwithmoi = 0.01. Cells were fixedwith 4%paraformaldehyde followed by PBSwashes. Nuclei were counted after

staining with Hoechst 33258. Images were taken at the Gladstone Institutes Assay Development and Drug Discovery Core facility on

a Molecular Devices ImageXpress confocal microscope using a 10X objective. Nuclear fluorescence was measured and counted by

MetaXpress software using a multi-wavelength cell scoring module.

QUANTIFICATION AND STATISTICAL ANALYSIS

For CRISPR screens, the enrichment scores, p values and false-discovery rates were determined using the MaGeCK algorithm (Li

et al., 2014). For the GO analysis, p values of hypergeometric tests were determined using the Cluster Profiler enricher function in R

and adjusted with ‘‘fdr’’ correction method. For viral infection, drug treatment, and cell growth experiments biological replicates are

defined as independent treatments and measurements from cells separately plated in and harvested from multiple wells. Replicates

are displayed asmean ± SEM or mean ± SD as specified in the figure legends. Mean ± SEM for RT-qPCR data was determined using
e7 Cell 184, 106–119.e1–e8, January 7, 2021
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CFXMaestro Software (Bio-Rad) and then visualized in GraphPad Prism 8. Mean ± SEM or mean ± SD for remaining data was calcu-

lated and visualized using GraphPad Prism 8. Dose-response curves for drug treatments were generated by applying a non-linear

curve fit with least-squares regression and default parameters using GraphPad Prism 8. No additional statistical tests were per-

formed. No methods were used to determine sample size estimation or whether the data met assumptions of the statistical ap-

proaches. For all experiments, the statistical details can be found in the figure legends.
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Figure S1. Optimization of Phenotypic Selection of Coronavirus-Infected Huh7.5.1 Cells and Quality Control Metrics for CRISPR Screens,

Related to Figure 1
(A) Light microscopy images of WT Huh7.5.1 infected with OC43 (7 dpi) and 229E (4 dpi).

(B) Quantification of SARS-CoV-2 RNA in WT Huh7.5.1 cells at 24 and 72 hpi by RT-qPCR. Cq values represent mean ± SEM from 3 biological replicates.

(C) Light microscopy images of SARS-CoV-2 infected WT Huh7.5.1 cells or Huh7.5.1 cells expressing ACE2-IRES-TMPRSS2 at 3 and 7 dpi.

(D) Quantification of ACE2 and TMPRSS2 expression in WT and lentivirally transduced Huh7.5.1 cells by RT-qPCR and western blot. mRNA levels are displayed

as means ± SEM from two independent sample collections and are relative to expression in WT cells. Anti-ACE2 and anti-TMPRSS2 antibodies were used to

detect protein levels in WT and overexpression cells. GAPDH was used as loading control. Molecular weight markers are indicated on the left.

(E) Quantification of infection with pseudotyped lentivirus bearing SARS-CoV-2 spike and expressing GFP by flow cytometry. Values are from two biological

samples and are displayed as means ± s.d.

(F) Quantification of cell survival by measuring cell number of mock or SARS-CoV-2 infected Huh7.5.1-ACE2-IRES-TMPRSS2 cells (moi = 0.01) at 3 dpi. Values

are from two independent wells and are displayed as means ± s.d.

(G) sgRNA representation and distribution in the genome-wide CRISPR KO libraries at day 7 post-transduction (prior to coronavirus infection). Reads for each

sgRNA were normalized to the total number of reads.

(H) Gene-level log fold changes (LFCs) between the lentiviral CRISPR library transduced into target cells at day 0 and the KO library cell population at day 7 post-

transduction (x axis) versus gene-level LFCs between the KO library cell population at day 7 post-transduction (prior to virus infection) and after phenotypic

selection by coronavirus infection (y axis). Gene knockouts showing growth defects in absence of virus challenge are highlighted in red.

(I) LFCs for the individual sgRNAs for the top 10 scoring genes from each CRISPR screen between the starting cell populations and the virus-selected cell

populations. Overall sgRNA distribution is shown at the bottom of the graph and dotted line indicates mean LFC of all sgRNAs.
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Figure S2. Comparison of CRISPR Screens Reveals Common and Distinct Host Factors across SARS-CoV-2, 229E, and OC43, Related to

Figure 1

(A) CRISPR screen ranking of genes (according to MaGECK enrichment scores in Table S1) clustered in specific cellular pathway or complexes across the three

CRISPR screens.

(B) Pairwise comparisons of gene enrichments between CRISPR screens. Dotted lines indicate -log10(Enrichment score) = 3. Genes that scored above the

threshold in both screens are highlighted in red.

(C) Representation of the 332 high-confidence SARS-CoV-2 protein-protein interactome hits from (Gordon et al., 2020a) (highlighted in red) within the ranked

CRISPR screen data for SARS-CoV-2, OC43 and 229E infection. Gene labels are added for interactome hits that scored in the top 500 of the CRISPR screens.
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Figure S3. Network Propagation of CRISPR Screen Hits Reveals Functional Clusters with Distinct Biological Functions, Related to Figure 2

(A) Biological subclusters from network propagation. Cluster number refers to the enrichment analysis of biological processes for each cluster, displayed in

Figure S3B. Circle size represents p value from integrative network propagation permutation test (see Methods and Table S3). The CRISPR screen enrichment

score of a gene from each screen is indicated by color scale within the circle.

(B) Gene ontology (GO) enrichment analysis was performed on each subcluster from the network propagation. P values were calculated by hypergeometric test

and a false-discovery rate was used to account for multiple hypothesis testing. The entire set of enriched biological processes for each subcluster is listed in

Table S2.
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Figure S4. Characterization of Gene-Edited Cells, Related to Figure 3

(A) Genotyping of clonal Huh7.5.1. Targeted loci were PCR-amplified, Sanger-sequenced and aligned to WT reference sequence. Frameshifts are highlighted

in blue.

(B) Western blot analysis of WT, KO and KO cells with respective cDNA add-backs (AB) for TMEM106B, VAC14 and PIK3R4. Lysates to probe for TMEM106B

were prepared under non-reducing conditions and bands appear as dimers. GAPDH was used as loading control.

(C) Cell viability measurement of 229E infectedWT and KOHuh7.5.1 cells. Cells were infected with 229E (moi = 0.05) and viability was determined 8 dpi using Cell

Titer Glo. Values are displayed as means ± SD from three biological samples.

(D) Cell viability measurement of OC43 infected WT and KO Huh7.5.1 cells. Cells were infected with OC43 (moi = 3) and viability was determined 8 dpi using Cell

Titer Glo. Values are displayed as means ± SD from two biological samples.

(E) Analysis of cell proliferation of RNP-edited A549-ACE2 cells. Cells were plated in 96-wells and confluency was measured daily using an automated micro-

scope. Values are displayed as means ± SD from four separate wells per cell line.

(F) Analysis of cell proliferation of WT and clonal KO Huh7.5.1 cells. Cells were plated in 96-wells and cell proliferation was measured daily using Cell Titer Glo.

Values are displayed as means ± SD from three separate wells per cell line per time point.
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Figure S5. Pharmacological Inhibition of Host Factors in Huh7.5.1 and Calu-3 cells, and Validation of On-Target Activity of SREBP Pathway

Inhibitors, Related to Figure 4

(A and B) Dose-response curves of the effect of (A) YM201636 and (B) Fatostatin on SARS-CoV-2 replication in Huh7.5.1 cells and on cell viability of drug treated

cells. Viral RNA was quantified after 24 hpi using RT-qPCR and normalized to RnaseP. Values represent means ± SEM relative to DMSO treated cells. Non-linear

curves were fitted with least-squares regression using GraphPad Prism 8 and IC50 was determined. All experiments were performed with 3 biological replicates.

(C) Gene expression analysis of the SREBP-regulated cholesterol biosynthesis genes 3-Hydroxy-3-Methylglutaryl-CoA Synthase 1 (HMGCS1) and HMG-CoA

reductase (HMGCR) as well as SREBP2, LDLR and SCAP in uninfected/no drug, infected/no drug and infected/drug-treated conditions (25 mM PF-429242 and

6.25 mM25-HC) in Huh7.5.1 cells at 24 h post-infection/treatment. mRNA levels are displayed as means ± SEM from three biological replicates and are relative to

expression in uninfected/no drug cells.

(D) RT-qPCR quantification of intracellular SARS-CoV-2 levels in drug-treated Calu-3 cells. Cells were infected using moi = 0.1, treated with 5 mM at time of

infection and harvested at 24 hpi. Values represent means ± SEM from three biological replicates and are relative to the no drug (DMSO treated) condition.

(E) Cell viability of drug-treated Calu-3 cells 24 h after addition of compounds using Cell Titer Glo. Values are displayed as means ± SD from three biological

replicates.
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