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Complementary genome-wide CRISPR-Cas9 screens performed by multiple groups reveal new insights into
SARS-CoV-2 biology including aspects of viral entry, translation, replication, egress, and the genes regu-
lating these processes. Comparisons with other coronaviruses enhances our understanding of the cellular
life cycle of this medically important family of emerging viruses.

Over the past 5 years, CRISPR-based
screening has fueled a wave of remark-
able discoveries in cell biology, and
virus-host interactions have been no
exception (Puschnik et al., 2017). Many
groups have generated cell lines trans-
duced with libraries of small guide (sg)
RNAs that cause insertions or deletions
in a single gene per cell, disabling expres-
sion or function of the respective protein.
Survival screens with cytolytic viruses
conducted over a few weeks’ period
results in the outgrowth of cells resis-
tant to infection and death. Although
this approach cannot identify proviral
factors that also are essential for cell
viability, it is nonetheless a proven and
robust approach for identifying many
host factors required for viral infection
(e.g., receptors), which is accomplished
by sequencing of the gene-specific
sgRNA in the surviving cells. In this issue
of Cell, three new articles (Hoffmann
et al., 2020c; Schneider, et al., 2020;
Wang et al., 2020) add to a growing list
of host proteins required for SARS-CoV-
2 infection that have been identified
using CRISPR-based survival screens
(Daniloski et al., 2020; Wei et al., 2020).
Collectively, these five groups used
several different sgRNA libraries (Bru-
nello, GeCKO, and GeCKOv2) and multi-
ple human or monkey lines derived from
lung, liver, kidney, and myeloid cells
(aided in some instances by exogenous
expression of human ACE2, the SARS-
CoV-2 receptor) to generate a wealth of
information on SARS-CoV-2 biology that
will serve as a foundation for the field to
study for years to come.

Several of the screens cross-validate
one another’s findings by identifying the
same gene or sets of genes that encode
for proteins forming discrete functional
complexes or pathways within the cell.
Although the precise role that many of
these proteins have in the viral life cycle
is undetermined, their presumptive sub-
cellular location provides insight into the
biology of SARS-CoV-2 (Figure 1). Begin-
ning with SARS-CoV-2 attachment to the
cell surface, several screens identified
genes regulating steps in the biosynthesis
of glycosaminoglycans (GAGs) in addition
to the proteinaceous receptor, ACE2.
GAGs are negatively charged polysac-
charides that decorate the cell surface
and likely enhance infectivity by attracting
and concentrating viruses, which often
contain exposed patches of positive
charge, onto the cell surface. Notably,
many of the additional SARS-CoV-2
attachment factors recently reported
(e.g., neuropilin-1 and HDL-scavenger re-
ceptor B type 1) were not identified in
these screens. Endosomal cathepsins
(e.g., cathepsin L), which function to
cleave and activate the SARS-CoV-2
spike protein and facilitate fusion of the
viral and endosome membranes, were
found in multiple screens along with the
endosomal GTPase Rab7a. Notably,
these genes were not identified as proviral
factors in screens that utilized cells ectop-
ically expressing TMPRSS2 (Wang et al.,
2020), a serine protease on the plasma
membrane that primes spike activation
and promotes SARS-CoV-2 entry into
cells via direct fusion, bypassing the en-
docytic entry pathway (Simmons et al.,

2013). A number of proteins localizing to
the endoplasmic reticulum (ER), the ER-
Golgi intermediate compartment (ERGIC),
and the Golgi apparatus also were identi-
fied by the screens as critical for virus-
induced infection and cell death, reflect-
ing the roles these compartments have
in the translation of SARS-CoV-2 struc-
tural proteins and virion assembly. Among
the ER host factors identified as important
for SARS-CoV-2 infection is the relatively
obscure protein TMEM41B, which Hoff-
mann and colleagues also defined as an
essential host factor for viruses of the
Flaviviridae family (Hoffmann et al,
2020c). TMEM41B shapes the ER mem-
brane into structures conducive to the
formation of viral replication factories.
ER-localized proteins involved in choles-
terol homeostasis (e.g., SREBP, SCAP,
and MBTPS1/2) also feature prominently
in several screens, although different
groups identified both positive and nega-
tive regulators of cholesterol biosynthesis
as antiviral. While this discrepancy could
be explained by idiosyncrasies of the
particular screens or cell types used, it
highlights how poorly understood this
host process is for the SARS-CoV-2 life
cycle. Finally, several additional host fac-
tors were identified as important for the
egress stage of the viral life cycle. While
also relatively poorly understood, recent
work identified lysosomal exocytosis as
a pathway by which coronaviruses exit in-
fected cells (Ghosh et al., 2020). In light of
this, many of the seemingly disconnected
“hits” identified across these screens—
the exocyst complex, phosphatidylinosi-
tol kinases (PIK3C3, PICfyve), and other
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Figure 1. Proviral Host Factors Identified in Survival-Based CRISPR-Cas9 Screens

Proviral proteins (or multi-factor complexes) (red) are shown adjacent to their putative sub-cellular localization (black) and presumptive role in the viral life cycle
(purple). Following engagement of the cell surface receptor, SARS-CoV-2 enters cells via two possible mechanisms: endocytosis or fusion of the virion membrane
with the plasma membrane. In the cytoplasm, the RNA genome undergoes translation and replication, and sub-genomic RNA transcripts are generated.
Structural gene translation occurs in the rough endoplasmic reticulum (ER), with virion assembly, maturation, and post-transcriptional modification occurring
across the ER, ER-Golgi intermediate compartment (ERGIC), and Golgi network through a poorly understood process. Virions traffic to the cell surface via ly-
sosomes and/or other vesicles capable of exocytosis. Endosomal recycling and interactions between the endosome and lysosome are thought to play roles in

viral egress but are currently poorly defined.

pathways related to endosomal recycling
(Commander complex, Retromer com-
plex, TMEM106B)—may in fact function
in virion internalization and/or egress via
lysosomal exocytosis and/or other exo-
cytic pathways.

The genes identified in these papers
demand further study to achieve a
comprehensive understanding of the
SARS-CoV-2 life cycle. Such investigation
may include distinguishing between fac-
tors that interact directly with viral proteins
(e.g., SCAP, as suggested by Wang et al.
[2020]) from those regulating viral protein
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interactions with other host proteins (e.g.,
SWI/SNF, as shown by Wei et al. [2020]).
CRISPR-mediated survival screens in
model cell lines are a beginning, as it will
be critical to establish the relevance of
these proteins and pathways to the
biology of SARS-CoV-2 in primary human
cells and ultimately in humans. For
example, emerging data suggest that
SARS-CoV-2 circulating in humans has a
preference for TMPRSS2-mediated spike
activation (Hoffmann et al., 2020a) and
fusion at the cell membrane as the primary
mode of entry in human lung epithelium.

However, passage of SARS-CoV-2 in cell
lines with low levels of TMPRSS2 (e.g.,
Vero cells) rapidly selects for variants
with mutations in the furin cleavage site
that enter cells via endocytosis. These
two distinct entry pathways are not mutu-
ally exclusive and could vary by cell type
in vitro and in vivo (Hoffmann et al,
2020b; Simmons et al., 2013). Neverthe-
less, the identification of endosomal host
factors as proviral in screens that utilized
cell lines with low levels of TMPRSS2
expression may require cautious interpre-
tation until validated in primary cells.
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Many of the gene products and com-
plexes identified in the screens represent
targets for host-directed anti-COVID-19
therapy. Indeed, several of the studies
present data showing antiviral activity of
compounds that target “hits” in the
screens (Daniloski et al., 2020; Wang
et al., 2020). While the genetic screens
should prompt further interrogation of ex-
isting compounds and drugs that bind
these proviral host factors, biochemical
screens for small molecules targeting
these pathways more specifically might
yield novel classes of host-directed antivi-
rals against SARS-CoV-2 infection.
Finally, many of the studies reported
comparative effects of specific genes on
multiple different coronaviruses (and
sometimes other viruses) in addition to
SARS-CoV-2. Such an approach may
identify shared aspects of virus biology
that enables the development of broadly
acting antivirals, which could help prepare
us for the next viral pandemic, when
it comes.
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