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ABSTRACT

Viruses are dependent on their host cells for replication and thus have evolved in intimate association with them. The identifica-
tion of host factors required for viral infection has led to advances in both viral and cellular biology. Vesicular stomatitis virus
(VSV), a negative-sense RNA virus, replicates in all eukaryotic cells in culture, suggesting that the host requirements for its repli-
cation are ubiquitous. In this study, we performed a genome-wide small interfering RNA screen of human cells in culture and
identified multiple cellular genes that influence the entry and replication of VSV. From a list of >300 genes, we selected the most
promising candidates to perform further analysis to assign their functions to either the entry or intracellular replication step of
infection. We implicate 3 new factors in VSV entry and 20 new factors in viral gene expression. These proteins have diverse cellu-
lar roles, including S-adenosylmethionine synthesis, respiration, and host translation machinery, underscoring the intimate
relationship between VSV and the host cell. Together, these results provide a curated list of genes required for VSV replication.

IMPORTANCE

Replication of vesicular stomatitis virus (VSV) has long served as a model for understanding host-virus interactions and neuro-
pathogenesis. We performed a genome-wide analysis of host factors and revealed genes critical for viral replication, including
some involved in vesicular trafficking, cell cycling, and protein modification. Our results provide an enriched list of host factors
that are required for specific stages of VSV entry and gene expression. This study may also potentially expand the repertoire of
targets for antiviral therapy against negative-strand RNA viruses.

As obligate intracellular parasites, viruses are dependent on
host cell factors for each step of replication. Developing a

mechanistic understanding of a viral life cycle reveals knowledge
of both viral replication and the functions of specific cellular pro-
teins. For example, studies of virus-host interactions have pro-
vided significant insights into essential cellular pathways, includ-
ing splicing and translation (1). Vesicular stomatitis virus (VSV),
an enveloped, nonsegmented, negative-strand (NNS) RNA virus
in the family Rhabdoviridae, has an extremely broad host range.
The high titers of VSV obtained from replication in cell culture
helped to ensure VSV’s position as an important prototype for
studying the biology of other, less tractable NNS RNA viruses.

The VSV genome encodes five viral proteins: nucleocapsid
(N), phosphoprotein (P), matrix (M), glycoprotein (G), and large
polymerase (L). VSV entry begins with the attachment of the vi-
rion, which leads to internalization of the particle via an altered
mode of clathrin-dependent endocytosis that depends upon actin
polymerization (2, 3). In the endocytic pathway, the virus encoun-
ters an acidic pH, which triggers conformational rearrangements
in G that drive fusion of the viral and cellular membranes. Fusion
releases into the cytoplasm a ribonucleoprotein (RNP) core com-
prising the N-encased genomic RNA and the viral L-P polymerase
complex, and this process is accompanied by the release of the M
protein. Numerous questions remain, however, concerning the
roles of host factors in the entry pathway, including the use of
attachment or receptor molecules, such as phosphatidylserine or
the low-density lipoprotein receptor (4, 5), the precise details of
the endocytic route (2, 3, 6), and whether host factors are required
for M release (7).

Once the RNP is released into the cytoplasm, the polymerase
complex, consisting of L, P, and N-coated genomic RNA, begins

the primary round of transcription, capping, methylation, and
polyadenylation of viral mRNAs (8, 9). The viral mRNAs are
translated, and the resulting proteins initiate genomic replication,
which provides templates for secondary transcription. The viral
proteins and genome are assembled at the plasma membrane,
from which new virions bud. While transcription requires only
viral components, how viral mRNAs are recruited to the transla-
tion machinery remains uncharacterized, as infection inactivates
the canonical cap-binding complex (10). Furthermore, it is not
understood how VSV is able to coexist in the cell in the context of
antiviral and stress responses. Identifying host factors required for
VSV replication may answer the numerous questions remaining
about virus replication and also illuminate the cellular roles of
these proteins.

With the development of genome-wide small interfering RNA
(siRNA) libraries, it is possible to uncover host factors required for
viral replication in a relatively unbiased way. Genome-wide
siRNA screens have been performed with many viruses, including
human immunodeficiency virus and influenza A virus. Aside
from increasing our knowledge about virus biology, these screens
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have even uncovered new functions for previously uncharacter-
ized proteins, such as the antiviral family of IFITM (interferon-
induced transmembrane protein) proteins (11–14). Previously,
we utilized a targeted siRNA screen in HeLa cells to identify ribo-
somal proteins required for viral translation (15). Extensive anal-
ysis of one of our top hits, the ribosomal protein rpL40, revealed
an unprecedented role of a large-ribosomal-subunit protein in
transcript-specific translation (15). We now report the results of a
genome-wide siRNA screen that identifies additional host factors
required for VSV replication. We validated selected hits and spe-
cifically isolated the roles of host factors in VSV entry or viral gene
expression. Together, our results reveal the highly intricate virus-
host dynamics and provide important insight into the mechanistic
action of select host factors.

MATERIALS AND METHODS
siRNA screen. SMART pools (Dharmacon), comprising four duplexes
targeting a single human mRNA transcript, or single duplexes were indi-
vidually arrayed into wells of black, clear-bottom 384-well plates (Costar;
Corning) containing a 1:100 dilution of Lipofectamine 2000 (Invitrogen)
in Opti-MEM medium (Invitrogen). Duplexes and lipids were incubated
for 20 min at room temperature and mixed with HeLa cells to yield final
concentrations of 5 � 104 cells ml�1 and 25 nM siRNA. Plates were seeded
with 1,250 HeLa cells per well, and cells were centrifuged for 5 min at
700 � g. At 48 h posttransfection (hpt), the approximately 5,000 cells were
inoculated with recombinant VSV expressing enhanced green fluorescent
protein (rVSV-EGFP) at a multiplicity of infection (MOI) of 1. Cells were
fixed 7 h later with 2% formaldehyde in phosphate-buffered saline (PBS),
the nuclei were counterstained with 4 �g ml�1 Hoechst nuclear dye (In-
vitrogen) for 10 min at room temperature, and unincorporated dye was
removed by washing once with 60 �l PBS per well. Individual wells were
examined using a cellWoRX High Content cell analysis system (Applied
Precision Inc.), and the cell-scoring module of MetaXpress software (Mo-
lecular Devices) was employed to quantify the total number of cells and
the percentage of EGFP-positive cells. All transfections were performed in
duplicate.

Cells and viruses. HeLa cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with 10% fetal bo-
vine serum (Tissue Culture Biologicals). VSV, rVSV-EGFP, and rVSV-
Ren-P were amplified in BHK-21 cells (ATCC) and purified through a
10% (wt/vol) sucrose cushion prepared in NTE (10 mM Tris, pH 7.4, 100

mM NaCl, 1 mM EDTA), and virus stocks were stored in NTE at �80°C
(16).

siRNA transfection. siGENOME nontargeting siRNA 3 was utilized as
the control siRNA (Dharmacon). For siRNA transfection in a 24-well
plate, 1 �l of Lipofectamine 2000 was mixed with 100 �l of Opti-MEM
and incubated at room temperature for 5 min. One hundred microliters of
Opti-MEM and 2 �l of 20 �M siRNA were added, mixed, and incubated
at room temperature for 15 min. A total of 3 � 104 trypsinized HeLa cells
in 400 �l of DMEM with 10% fetal bovine serum was added to the lipid-
siRNA mix and then plated, and experiments were performed 48 h later.
This protocol was scaled accordingly for different cell culture surface
areas.

RNP transfection. To isolate RNPs, purified rVSV-Ren-P was mixed
with 12.5 mM Tris, pH 7.4, 5% glycerol, 5 mM EDTA, pH 8, 3.5 mM
dithiothreitol (DTT), 0.1% Triton-X, and 500 mM CsCl in a total volume
of 600 �l and incubated on ice for 1.25 h. Six hundred microliters of 20
mM Tris, pH 7.4, and 3.5 mM DTT was added and loaded onto a 30 to
50% (vol/vol) glycerol gradient made in NTE with 3.5 mM DTT. Gradi-
ents were spun for 3.5 h at 4°C at 45,000 rpm in an SW50.1 rotor, and the
pellet was resuspended in NTE. A total of 0.4 �g of VSV-Ren-P RNPs was
transfected into HeLa cells by use of Lipofectamine 2000, and luciferase
activity was assayed at 7 hpt.

Protein analysis. At the indicated times postinfection or post-mock
infection, cells were lysed in Rose lysis buffer (1% [vol/vol] Nonidet P-40
alternative, 0.4% [vol/vol] sodium deoxycholate, 66 mM EDTA, 10 mM
Tris, pH 7.4), and equal amounts of total cytoplasmic protein were sepa-
rated in a low-bis 10% polyacrylamide gel. Western blot analysis was
performed using anti-actin (Chemicon) (1:5,000) and anti-VSV matrix
(23H12; 1:10,000) antibodies.

RESULTS
Genome-wide siRNA screen identifies host factors required for
VSV replication. To employ an unbiased approach to determine
host factors that are required for vesicular stomatitis virus entry
and replication, we developed an siRNA screen specifically opti-
mized to monitor a single cycle of viral infection (Fig. 1). In this
screen, a recombinant VSV that expressed the reporter EGFP was
used to infect HeLa cells that were transfected 48 h earlier with
siRNA. We chose to infect cells at an MOI of 1, which results in
approximately 50% of cells being infected. At 7 h postinfection
(hpi), cells were fixed in 2% paraformaldehyde and the nuclei
were stained with Hoechst stain to permit measurement of the

FIG 1 Genome-wide siRNA screen. (A) Schematic of siRNA screen. (B) Representative images of controls utilized during siRNA screen. Cells were treated with
a nontargeting, PLK1-targeting, or eIF1A-targeting siRNA and infected with EGFP-VSV. Mock-infected cells are also shown. (C) Biological processes of
candidate factors required for VSV replication.
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effect of siRNA transfection on cell number. Fluorescence from
EGFP and the Hoechst-stained nuclei were imaged separately us-
ing an autoscope. The collected images were analyzed to derive the
number of cells per well, the percentage of cells that were EGFP
positive, and the average intensity of the EGFP signal.

As a positive control, we selected a pool of 4 siRNAs targeting
eukaryotic translation initiation factor 1A, X-linked (eIF1AX).
This essential protein is required for binding of the ribosomal 43S
complex to the 5= end of capped RNA. Transfection of cells with
eIF1AX siRNA consistently diminished the percentage of EGFP-
positive cells to 50% (� 9%) of the number of control treated cells
that received an irrelevant siRNA that targeted firefly luciferase
(Fig. 1). To determine the overall fraction of cells that received the
siRNA, control wells were treated with an siRNA targeting polo-
like kinase 1 (PLK1), a gene essential for cell viability, which re-
duced cell viability to 35% (� 10%) (Fig. 1).

Using this approach, we performed a genome-wide screen us-
ing an siRNA library that comprised 21,121 pools of four chemi-
cally synthesized siRNAs targeting each gene. Each gene was
screened in duplicate. A gene was considered a candidate hit if the
percentage of EGFP-positive cells or the mean fluorescence inten-
sity was altered �3.0 standard deviations from the mean EGFP

signal per plate (see Fig. S1 in the supplemental material). As con-
trols, we eliminated from our list of candidate hits the siRNAs that
altered cell viability �3.0 standard deviations, as judged by
Hoechst staining of cell nuclei. Biological process analysis revealed
that candidate genes fell into 18 primary categories, including
ones that would likely be implicated in viral entry, such as vesicu-
lar trafficking, and ones involved in intracellular replication, such
as protein-modifying factors (Fig. 1).

For subsequent analyses, we excluded all ribosomal genes and
translation factors for a separate analysis (15), selected 500 of the
remaining genes, and screened the four siRNAs of each pool sep-
arately. Of the 450 genes that when silenced reduced VSV replica-
tion, 305 were confirmed with 1 or more siRNAs (Fig. 2). Repre-
sentative images are shown in Fig. 2. Specifically, 7 genes were
confirmed with each of the 4 siRNAs, 9 were confirmed with 3
siRNAs, 73 with 2 siRNAs, and 216 with 1 siRNA. Thirty-two
percent of the genes were not confirmed by this analysis (Fig. 2).

Impact of host gene silencing on endogenous gene expres-
sion. To begin to understand the roles of host genes in VSV rep-
lication, we selected a subset of 29 genes for further investigation
(see Fig. S2 in the supplemental material). We specifically focused
on host factors whose knockdown had the largest effect on viral
replication and the least effect on cell viability. In a 24-well format,
cells were transfected with individual siRNA duplexes and subse-
quently infected with rVSV-EGFP at an MOI of 1. As a control,
cells were transfected with a nontargeting siRNA designed to not
target any human genes. In this format, 23 of the 29 genes selected
were validated to be essential for VSV replication (Fig. 3).

As our initial and follow-up screens relied on EGFP fluores-
cence to indirectly measure viral replication, we next measured
the direct effects of candidate gene silencing on endogenous viral

FIG 2 Secondary siRNA screen of candidate host proteins required for VSV
replication. (A) Representative images of secondary siRNA screen. Cells were
treated with four individual duplexes targeting each candidate and infected
with EGFP-VSV. (B) Numbers of candidates (# siRNAs) whose knockdown by
0, 1, 2, 3, and 4 separate siRNAs inhibited VSV replication.

FIG 3 Tertiary screen for host genes involved in VSV replication. The images
show VSV gene expression after siRNA transfection. HeLa cells were treated
with a 50 nM concentration of a nontargeting (NT) siRNA or a single siRNA
targeting the indicated gene. Forty-eight hours after transfection, cells were
infected with rVSV-EGFP at an MOI of 1. Images were taken using a Typhoon
fluorescence imager at 5 hpi.
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gene expression. Following transfection with the indicated siRNA,
cells were infected with wild-type VSV, cytoplasmic extracts were
harvested at 7 hpi, and levels of M protein were determined by
immunoblotting (Fig. 4A). For 23 of the 29 genes, we demon-
strated that the individual siRNA led to a decrease in M protein
expression. Through a genome-wide siRNA screen, secondary
validation with individual duplexes, and measurements of M pro-
tein synthesis in cells infected with wild-type virus, we have there-
fore identified a high-confidence set of host genes required for
optimal VSV infection.

Identification of host factor requirements at different stages
of infection. To begin uncovering the functions of these genes in
VSV replication, we employed an assay to segregate the host genes
into those required for entry and those required for gene expres-
sion. The steps of viral entry can be bypassed by transfection of
purified RNP cores into cells (17). We thus compared the effects
of individual siRNAs on viral gene expression following RNP
transfection to the effects on infection (6, 17–19). To do this, we
transfected RNP cores from a reporter VSV that expresses renilla
luciferase upon gene expression (rVSV-Ren-P) and measured lu-
ciferase activity at 7 hpt. Bypassing clathrin-dependent endocyto-
sis rescued the viral gene expression defect for three cellular genes
(encoding GPR149, PSCA, and LSM5), implicating these genes in
VSV entry (Fig. 4B). GPR149 (G-protein-coupled receptor 149) is
a transmembrane protein that is conserved in vertebrates, while
PSCA (prostate stem cell antigen) is a glycosylphosphatidylinosi-
tol-anchored membrane glycoprotein that is overexpressed in
prostate cancers (20, 21). The cell membrane localization of these
two candidates is consistent with their assignment as potential
entry factors. Unlike the former proteins, LSM5 (U6 snRNA-as-
sociated Sm-like protein) is not a membrane protein and instead
is involved in pre-mRNA splicing; thus, its effects on entry may be
indirect, through modulation of the expression of another protein
(22). Conversely, knockdown of the remaining 20 host factors
reduced gene expression following RNP core transfection. This
result demonstrates that these 20 host factors influence one or
more steps of viral gene expression.

DISCUSSION
Functional analysis of host genes identified by a genome-wide
siRNA screen. We identified 23 genes required for VSV replica-
tion by examining the results of the secondary screen of 450 host
genes isolated from the genome-wide siRNA screen (Fig. 1 and 2).
By narrowing the number of genes of interest, we could focus on
mapping the functions of these host proteins in VSV infection. We
identified 3 host proteins (GPR149, PSCA, and LSM5) required
for VSV entry into host cells and 20 host factors required for VSV
gene expression (Table 1). VSV is highly dependent on S-adeno-
sylmethionine (SAM), as it binds directly to the L protein and is
required for methylation of the viral mRNA cap (23–26). Notably,
we identified MAT2A (methionine adenosyltransferase II, alpha),
which catalyzes the formation of SAM, the essential methyl donor
in cells, from methionine (27). The identification of SAM biogen-
esis factors by the genome-wide screen and the demonstration
that these genes are required at the step of gene expression support
the validity of our top hits.

The majority of the host proteins identified in our follow-up
screen are poorly characterized or of unknown function, and a
greater understanding of their role in VSV infection may pro-
vide new insight into their natural cellular roles. While we do
not yet fully understand the functions of the selected genes, a
number of them have promising implications for VSV gene
expression. Using information from existing gene ontology
and related homologs, the human factors required for VSV
replication can be assigned to functional classes that may indi-
cate portions of the VSV life cycle specifically impaired by their
depletion. Major classes of candidate host factors include
proteins involved in nucleic acid turnover and regulation
(CNOT3, ISG20L1, ZNF582, and ZNF678), protein translation
and folding (ERAF, KIAA0427, and SYVN1), cellular metabo-
lism (FAM54A, FASTKD2, MAT2A, and NDUFS3), and mem-
brane organization and vesicular trafficking (LRRC32, RUSC2,
and TMCO5).

One gene of particular interest is KIAA0427 (also known as

FIG 4 Identification of host genes required for VSV gene expression or entry. (A) Immunoblot of VSV matrix protein levels. Cells were infected at an MOI of
1, and cytoplasmic extracts were prepared at 7 hpi. VSV matrix was detected by immunoblotting using an antibody specific for VSV M (23H12), and immuno-
blotting of �-actin was used as a loading control. (B) VSV gene expression after transfection of RNPs. Cells were transfected with RNP cores isolated from
rVSV-Ren-P, and levels of renilla luciferase activity were measured at 7 hpt. Renilla luciferase activity was normalized to the activity in cells treated with
nontargeting (NT) siRNA, and results are means � standard deviations (SD) for a representative experiment containing triplicate samples.
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CTIF [CBP80/20-dependent translation initiation factor]), a
component of the cap-binding complex utilized during pioneer
translation of mRNAs newly exported from the nucleus (28) (Fig.
4). During conventional host mRNA translation, the cap-binding
complex containing KIAA0427 is replaced with eIF4E after the
first round of translation. VSV infection induces dephosphor-
ylation of eIF4E, resulting in a repressed canonical cap-binding
complex (10). Despite eIF4E repression, the capped VSV mR-
NAs remain efficiently translated, indicating that a noncanoni-
cal cap-binding complex may be utilized. KIAA0427 represents
an intriguing potential candidate member of this alternate
complex.

Advantages and limitations of genome-wide siRNA screens.
Genetic screening is one tool for discovering new host factors
required for virus infection. Limitations of siRNA screens in-
clude the potential for off-target effects or, conversely, incom-
plete knockdown due to long protein half-lives (29, 30). For six
of the genes in our tertiary screen, for example, we were unable
to replicate the phenotype discovered by using a large-scale
screening approach that utilizes transfection of a pool of
siRNAs (Fig. 3).

A similar genome-wide screen to identify factors required for
VSV replication has also been reported (31). This screen differs
from ours, as it was designed to examine phenotypes after several
rounds of infection, with infection being performed at an MOI of
0.5 and assessed at 18 hpi. By imaging cells only at 7 hpi, our
approach emphasizes host genes required during early steps in the

pioneer round of infection that may be masked by multiple repli-
cation cycles. Additionally, we developed a sensitive assay using
renilla luciferase-encoding VSV RNP cores, and we assigned an
entry or gene expression defect for 29 of our hits. Notably, com-
parison of the results from the two screens identified eight hits in
common, including ARCN1, COPB1, COPG, COPZ1, MAT2A,
NHP2L1, SYVN1, and UTP6, suggesting that these are high-con-
fidence host factors required for VSV replication and corroborat-
ing our screening methodology. Additional in-depth mechanistic
analysis will be required to fully understand the roles of these host
factors in viral replication. In prior work, we demonstrated that
although silencing of the coatomer complex (ARCN1, COPB1,
COPG, and COPZ1) results in an inhibition of the entry of VSV
into cells, this inhibition likely reflects the prolonged knockdown
of the coatomer complex associated with concordant changes in
the composition of the plasma membrane.

An advantage of genome-wide siRNA screening for essential
host-virus interactions is that it proffers previously uncharacter-
ized proteins and host factor networks that cannot be identified by
genetic knockouts. We performed a genome-wide siRNA screen
in HeLa cells to identify cellular factors required for VSV infec-
tion. Here we broadly characterize the stage of viral replication
affected following silencing of 23 host genes in VSV replication.
These data present a useful initial point from which one can begin
mechanistic studies of the host-virus networks coopted by VSV
during infection.

TABLE 1 Host gene functions in cells and during VSV replicationa

a The top table (A) shows host genes required for VSV gene expression. The number of single duplexes that caused inhibition of VSV replication during rescreening, along with the
known host function, is provided for each gene. % Ident., % amino acid identities between human and mouse (first number) and human and Drosophila (second number)
homologous proteins. The bottom table (B) shows host genes required for VSV entry.
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