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Poxviruses are considered less dependent on host functions than
other DNA viruses because of their cytoplasmic site of replication
and large genomes, which encode enzymes for DNA and mRNA
synthesis. Nevertheless, RNAi screens with two independent
human genome-scale libraries have identified more than 500
candidate genes that significantly inhibited and a similar number
that enhanced replication and spread of infectious vaccinia virus
(VACV). Translational, ubiquitin-proteosome, and endoplasmic
reticulum-to-Golgi transport functions, known to be important for
VACV, were enriched in the siRNA-inhibiting group, and RNA
polymerase Il and associated functions were enriched in the siRNA-
enhancing group. Additional findings, notably the inhibition of
VACV spread by siRNAs to several nuclear pore genes, were
unanticipated. Knockdown of nucleoporin 62 strongly inhibited
viral morphogenesis, with only a modest effect on viral gene
expression, recapitulating and providing insight into previous
studies with enucleated cells.

nucleoporin 62 | poxvirus replication | poxvirus-host interactions |
syntaxin 5 | vaccinia virus replication

Viruses are dependent on cellular processes for their propa-
gation, and intensive efforts are currently underway to define
these pathways, which may provide insight into both host and viral
mechanisms and allow the creation of novel therapeutics resistant
to the development of virus escape mutations. Poxviruses include
species that are highly pathogenic for humans and other animals
and are considered potential weapons of bioterrorism. In addi-
tion, poxviruses may serve as vaccine vectors to prevent infectious
diseases and treat cancers. These DNA viruses carry out their
entire replication cycle in the cytoplasm, where they assemble
factories for genome replication, transcription, and virion as-
sembly (1). Although lacking translation machinery, poxviruses
encode numerous enzymes and factors, including a DNA
polymerase, a DNA-dependent RNA polymerase, transcription
factors, capping enzyme, and poly(A) polymerase, and thus might
be anticipated to require fewer host gene activities for replication
compared with other DNA viruses.

Genome-wide RNAI screens have been carried out to assess
the roles of cellular genes and pathways on the replication of
several RNA viruses, including HIV (2-4), influenza virus (5),
West Nile virus (6), hepatitis C virus (7), and vesicular stomatitis
virus (8). Although a genome-wide RNAi screen of poxvirus
replication had not yet been performed, studies with selected
siRNAs demonstrated roles for host proteins involved in vaccinia
virus (VACV) entry, DNA replication, gene expression, virion
assembly, and intracellular transport in mammalian cells (9-17).
Moser et al. (18) determined the effects of siRNAs to 440 genes,
composing the “kinome,” on VACV gene expression in Dro-
sophila cells, and found that the AMP-activated protein kinase
pathway plays a major role in VACV entry. However, because
Drosophila cells abort VACV infection before genome replica-
tion (19), the screen provided information only on very early
events. Recently, Mercer et al. (20) described a siRNA screen of
7,000 “druggable” gene targets in human cells and identified 188,
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representing a broad range of host functions, that inhibit VACV
gene expression.

Here we describe a human genome-wide RNAI screen on
VACYV replication. We developed a high-throughput virus spread
assay encompassing all steps from virus entry to infectious prog-
eny formation. Using siRNA libraries covering the entire human
ORFeome, we confirmed the role of translation factors and the
ubiquitin-proteosome pathway and uncovered hitherto unreported
interactions, including a role for nuclear pore (Nup) proteins in
virion morphogenesis that provides insight into a previous report
suggesting a role for the nucleus in VACV replication (21).

Results

Human Genome-Wide siRNA Screen. We used a recombinant
VACYV IHD-J/GFP (22) derived from a virus strain with a point
mutation that accelerates the release of progeny from the cell
surface (23) and expresses green fluorescent protein (GFP). Pilot
experiments indicated that extensive virus spread could be visu-
alized by fluorescence microscopy within 18 h (Fig. S14). As
a control, we treated the cells with ST-246, a drug that has no
effect on virus entry or replication but blocks the wrapping of
infectious mature virions (MVs), a necessary step for the egress
and spread of VACV (24). To optimize the assay for high
throughput, we infected HeLa cells in 384-well plates with serial
dilutions of VACV IHD-J/GFP and incubated them for 18 h. The
GFP-positive cells were scored by automated fluorescence mi-
croscopy (Fig. S1B). We determined that a multiplicity of 0.2
plaque-forming unit (PFU) per cell led to ~40% positive cells in
18 h, which would allow detection of reduced or increased virus
spread. Before conducting the large-scale siRNA screen, we ex-
amined the effects of siRNAs that would knock down endoplas-
mic reticulum-to-Golgi transport, a necessary step for the
wrapping and egress of virions (25). A previous study reported
that knock down of syntaxin 5 (STXS5) snare protein inhibited
constitutive secretion in mammalian cells (26). We found that
STXS siRNA is a potent inhibitor of VACV spread, and that
this occurs in the 384-well high-throughput format without re-
ducing cell numbers (Fig. S1 C and D). The STX5 siRNA was
used as a knockdown control in subsequent screens.

For maximal depth of coverage and confirmation of results, we
chose two genome-wide libraries: siGenome from Dharmacon
(DGW), comprising a single pool of four siRNAs for 18,120
genes, and Ambion Silencer Select Version 4 (AGW), a non-
pooled library of three independent siRNAs for 21,566 genes.
The DGW and AGW libraries had 17,693 overlapping target
genes, although the individual siRNAs differed. We imaged vi-
rus-expressed GFP and the nucleus in each well, enabling single-
cell determination of an infection event (Fig. 14). With the
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Fig. 1. High-throughput RNAi screen. (A) Diagram of screen setup. Hela
cells were transfected with siRNAs for 48 h and then infected with GFP-
expressing VACV for 18 h. After fixation and staining with DAPI, the total
number of cells and the fraction expressing GFP were determined. (B) Ac-
quired image. (Upper) DAPI channels. (Lower) GFP channels. The wells were
transfected with either siRNA targeting STX5 (Right) or nontargeting control
(Left). Percentages of GFP-positive cells are indicated. (C) Signal distribution
across wells of the genome-wide screens using the Dharmacon (Left) and
Ambion (Right) libraries.

STXS siRNA, 11% of the cells were GFP-positive, compared
with ~40% in control siRNA wells (Fig. 1B). Genome-wide, the
screen peaked at around 30-35% GFP-positive cells in DGW
and 35-45% GFP-positive cells in AGW (Fig. 1C) and was
nearly normally distributed. The coefficient of variation was
~30%, an acceptable value for siRNA screening. To ensure
screening quality, we manually examined each plate for aberrant
patterns and calculated the assay z’-factor (27). Plates that failed
quality control were redone. The screen performed with a high,
robust assay z'-factor score of ~0.5 per plate. Each plate was
normalized to the median of 16 negative control wells per plate,
set to 100% virus spread.

Gene Set Enrichment, Hit Selection, and Network Analysis. For hit
selection, we used the median absolute deviation (MAD) cal-
culated from the distribution of results for a given library of
siRNA reagents. This statistical approach is sensitive, yet robust
to outliers (28). For hit calling, we used a cutoff of —1.5 MAD,
taking the value of the second most active reagent to represent
the gene target when multiple reagents per gene were screened
individually. We took this stringent approach to balance false-
positive selection (off-target effects) and false-negative dismissal
(poor cross-library validation). Our high-confidence list con-
tained ~500 candidate genes that demonstrated a <—1.5 MAD
decrease in virus spread with at least two different siRNA
reagents from the same or different libraries and a similar
number with an increase in virus spread. The siRNAs inducing
a >50% reduction in cell count were filtered out as toxic, because
they would be expected to reduce virus spread nonspecifically.
We followed up the two primary screen libraries by testing
siRNAs from a third company, Qiagen, that targeted 237 genes
selected on the basis of magnitude of inhibition in a primary
screen, pathway analysis, and biological interest. From the pri-
mary and secondary screens, we prepared a high-confidence list
containing 576 genes associated with a significant decrease in
virus spread with at least two different siRNA reagents (Tables S1
and S2). Of these genes, 180 were active in both primary screens;
additional hits were active with two or more AGW siRNAs, but
not with the DGW and others with the Qiagen siRNAs and either
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DGW or one AGW. The 530 genes associated with an increase in
virus spread after knockdown are summarized in Table S3.

We used Ingenuity Systems Pathway Analysis (IPA) software
to classify the genes with multiple active hits into their molecular
and cellular functions. The most significantly enriched terms
were related to protein synthesis, emphasizing the dependence
of VACV on the translational machinery of the cell (Fig. 24).
Additional high scores involved gene expression and RNA
posttranscriptional modification, morphology, and cellular death
and survival (Fig. 24). By using curated protein—protein in-
teraction databases, we created interaction maps of several key
cellular pathways using the genes listed in the Gene Ontology
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Fig. 2. Genome-wide RNAI screen reveals interacting proteins and net-
works in the high-confidence hits dataset. (A) Negative log (P values) of
enriched molecular and cellular functions according to the Ingenuity
Knowledge Base. Numbers of identified functions in each ontological cate-
gory, numbers of unique genes per category, and numbers of all genes as-
sociated with the term are indicated. P values were 4.43E-07-1.19E-02 for
protein synthesis, 9.87E-08-2.93E-02 for gene expression, 6.92E-05-6.59E-03
for RNA posttranscriptional modification, 2.83E04-2.93E-02 for cell death
and survival, and 2.40E-04-2.93E-02 for cell morphology. (B) Interactions
among high-confidence hits associated with vesicular trafficking, translation
and ribosomal proteins, proteosome and ubiquitination, and Nup proteins.
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(GO) annotation and superimposed our hit list on them. The
large number of hits for translational control proteins indicated
the deep coverage of the siRNA screen (Fig. 2B). In addition, we
confirmed the effects of the proteasome and endoplasmic re-
ticulum-to-Golgi vesicular trafficking pathways previously shown
to be essential for VACV spread. However, we did not anticipate
enrichment of Nup gene targets (Fig. 2B) in view of the cyto-
plasmic replication of poxviruses.

We took a genome-wide analysis approach to better detect
subtle changes in global trends, which could be missed when
working with rigid thresholds. Toward this end, we used GO
annotations to identify associations among RNAI activity of all
reagents screened and specific gene function descriptions. Using
a parametric analysis of gene set enrichment method (29), we
calculated a z-score for each gene set. Only terms with a statis-
tically significant false discovery rate (<0.05) (30) in both DGW
and AGW screens are listed (Fig. 3). For siRNAs that inhibited
virus spread, translation control factors and ubiquitin-protea-
some pathways were highly enriched, reinforcing the importance
of these pathways and serving as an internal positive control for
our screen and analysis. Again, we found enrichment of Nup
components. In contrast, interference with DNA-dependent
RNA polymerase II pathways enhanced VACV spread rather
than inhibiting it.

Validation of Nup62 as a True Hit. The apparent involvement of
Nups prompted us to further investigate the role of the associ-
ated proteins in VACV replication. One of the top Nup candi-
dates in the screens was Nup62. To assess whether the activities
of siRNAs targeting Nup62 were on target, we applied common
seed analysis (31) to the Ambion screen data. This analysis
allowed us to empirically distinguish between on-target and
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Fig. 3. Gene set enrichment and network analysis. GO annotations were
used to identify associations between RNAI activity and specific gene func-
tion descriptions. GO terms occurring frequently in the descriptions of gene
targets for spread-inhibiting RNAi have a z-score <0, whereas those spread-
increasing RNAi have a z-score >0. Only terms with a statistically significant
(false discovery rate of 0.05) association in both DGW and AGW screens
are listed.
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Fig. 4. Specificity of Nup62. (A) Common seed analysis of three siRNAs
targeting Nup62 in the AGW library: 1 (black), 2 (red), and 3 (green). The
z-scores of these three siRNAs are shown versus the z-scores for all other
siRNAs containing the same seed sequences tested in the assay (indicated on
the x-axis), targeted to different genes. (B) Evaluation of four different
Dharmacon siRNAs complementary to Nup62 (1-4) or control siRNA (siCnt).
At 48 h after transfection, Hela cells were infected with 0.1 PFU/cell of VACV
IHDJ/GFP for 18 h. GFP-positive cells were scored by flow cytometry. The
percentage of GFP-positive cells in the control wells was set to 100%. (C)
Knockdown of Nup62. Hela cells were transfected with the siRNAs used in B
and 48 h later analyzed by Western blot analysis with antibodies specific for
Nup62 and an actin loading control. (D) Rescue of siRNA phenotype. HelLa
cells were transfected with siRNA 2 or 4 targeting Nup62 with (+) or without
a vector expressing the rat Nup62 (R) gene under the CMV promoter. At 48 h
after transfection, the cells were infected with 0.1 PFU/cell of VACV IHDJ/GFP
for 18 h, and GFP-positive cells were identified. *P, (P value calculated with
one-way ANOVA and Dunnet post test) < 0.05.

off-target effects of siRNAs by comparing the assay results of
a siRNA with the assay results of all other siRNAs with the same
seed sequence (bases 2-7 of the guide strand). A phenotype
increased for the candidate siRNA compared with other siRNAs
with the same seed sequence is likely due to knockdown of the
intended target. The experiment depicted in Fig. 44 demon-
strates that each of the three AGW siRNAs targeting Nup62
inhibited VACV more than other siRNAs with the same seed,
suggesting that off-target effects are not the driving force for the
phenotype. We also deconvolved the DGW siGenome pool
targeting Nup62 and transfected the four different siRNAs
separately to test their effect on the spread of virus, using flow
cytometry as the readout. Two of the individual siRNAs tested
inhibited VACV spread (Fig. 4B). Furthermore, the resulting
reduction in Nup62 levels by individual siRNAs was correlated
with VACV’s ability to spread, establishing the protein—pheno-
type linkage (Fig. 4C). In addition, three of four siRNAs from
Qiagen targeting Nup62 also induced significant reduction in
virus spread (Fig. S24).

To further reject an off-target effect, we conducted rescue
experiments in which we expressed the rat Nup62 (the sequence
of which renders it naturally resistant to our siRNA) along with
siRNA to the human Nup62, and found a statistically significant
increase in virus spread (Fig. 4D). The incomplete effect of rat
Nup62 in HeLa cells may reflect species differences in protein—
protein interactions.

We carried out experiments to determine whether knockdown
of Nup62 induced global effects on the integrity of the nuclear
membrane and nuclear export. Mammalian pores exclude mol-
ecules that are larger then 40 kDa but allow the diffusion of
smaller molecules (32). We tested the functionality of the pores
by determining the ability of fluorescently labeled dextrans to
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diffuse into the nucleus (33). HeLa cells were transfected with
siRNA to Nup62 or control siRNA and permeabilized with
digitonin after 48 h. Fluorescently labeled 10-kDa or 70-kDa
dextran was added and allowed to diffuse for 15 min at room
temperature. In both the control and Nup62 siRNA-treated
cells, 70-kDa dextran was excluded from the nucleus, whereas
10-kDa dextran was readily detected in the nucleus (Fig. S3).
Cellular topoisomerase II, which is present predominantly in
the nucleus, associates with the VACV DNA ligase in cytoplas-
mic viral factories (34). Localization of topisomerase II with viral
factories was not prevented by knockdown of Nup62 (Fig. S4).
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Fig. 5. Effects of Nup62 on VACV propagation, genome replication, and
gene expression. (A4) Virus yield. HeLa cells were transfected with control or
Nup62 Dharmacon OnTargetPlus siRNAs. After 48 h, the cells were infected
with 3 PFU/cell of VACV and harvested at 18 h. The cells were lysed, and
infectious virus yields were determined by a plaque assay. (B) Effect of
Nup62 knockdown on early expression of firefly luciferase. Control and
Nup62 siRNAs (2 and 4, corresponding to Fig. 4 B and C) were transfected
into Hela cells for 48 h, after which the cells were infected with 3 PFU/cell of
VACV IHDJ expressing firefly luciferase regulated by an early/late promoter.
At 90 min after infection, luciferase activity was determined as a measure of
virus entry and early gene expression. (C) Effect of Nup62 knockdown on
viral DNA replication. Control and Nup62 siRNA-treated cells were infected
with 3 PFU/cell of VACV IHDJ/GFP for the indicated times postinfection. Viral
DNA was quantified by real-time PCR and plotted as relative amounts.
Leptomycin B (LMB; 20 nM) was added 1 h before infection. (D) Effect of
Nup62 knockdown on late expression of firefly luciferase. VACV encoding
the firefly luciferase gene under the VACV late F17 promoter was used to
infect control and Nup62 siRNA-treated cells at 5 PFU/cell. Luciferase ac-
tivity was assayed at 6 h postinfection. (E) Effect of Nup62 on viral gene
expression determined by Western blot analysis. Cells transfected with
control or Nup62 siRNA were infected with 5 PFU/cell of VACV IHDJ/GFP for
the indicated times. Western blots were probed with antiserum from VACV-
infected rabbits and analyzed by chemiluminescence. (F) Effect of Nup62
knockdown on metabolic labeling of viral proteins. Nup62 and control
siRNA-treated cells were infected with 5 PFU/cell of VACV IHDJ/GFP and
pulse-labeled with [**S]methionine and [*°S]cysteine at 2, 8, and 16 h
postinfection (HPI), and the proteins were resolved by SDS-PAGE. An au-
toradiograph image is shown.
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Knockdown of Nup62 Arrests Virion Morphogenesis. VACV pro-
duces two types of infectious virus, the more abundant form of
which, the MV, is retained in the cell until lysis. However, a subset
of MVs is wrapped with an additional membrane that allows
egress from the cell and infection of neighboring cells. Given that
our screening assay monitors virus spread, we examined whether
Nup62 is required for the formation of infectious virions using
a virus inoculum sufficient to infect all cells simultaneously.
Nup62 siRNA produced an ~100-fold reduction in infectious
virus yield under one-step growth conditions (Fig. 54). We next
asked whether Nup62 is required for early events in VACV
replication, including entry, early gene expression, and DNA
replication. We infected HeLa cells with a recombinant VACV
that expresses firefly luciferase and measured activity after 90
min, before late gene expression. There was no significant change
in early gene expression with Nup62 knockdown (Fig. 5B), or
much of an effect on viral DNA synthesis as measured by real-
time PCR of total DNA extracted at successive times post-
infection (Fig. 5C). A modest decrease of late gene expression by
Nup62 siRNA was demonstrated when cells were infected with
a recombinant VACV encoding the luciferase gene under a late
promoter (Fig. 5D) by Western blot analysis with hyperimmune
serum obtained from VACV-infected rabbits (Fig. 5E) and by
measurement of incorporation of >>S-amino acid into the major
viral proteins (Fig. 5F).

Considering that the biochemical studies indicated only a
modest effect of Nup62 siRNA on viral gene expression, we used
transmission electron microscopy (TEM) to evaluate the effect
of Nup62 siRNA on virion morphogenesis. VACV assembly
takes place in cytoplasmic factories in which membrane cres-
cents and spherical immature virions (IVs) form. The latter
condense into electron-dense MVs. We carried out two in-
dependent experiments to compare and quantify the effects of
Nup62 and control siRNAs on morphogenesis. The percentages
of control cells with crescents, IVs, and MVs were 86%, 78%,
and 41% at 6 h and 90%, 93%, and 62% at 8 h, respectively. In
contrast, the percentages of siNup62-treated cells with crescents,
IVs and MVs were 66%, 56%, and 3% at 6 h and 100%, 92%,
and 17% at 8 h, respectively. The difference in the percentage of
cells with MVs was statistically significant (P < 0.01 at 8 h). Thus,
the conversion of IVs to MVs was delayed and reduced in
siNup62-treated cells compared with control cells. Representative
TEM images of cells obtained at 8 h and 20 h are shown in Fig. 6.

Discussion

To systematically determine host functions supporting the unique
cytoplasmic poxvirus life cycle, we designed a high-throughput
assay that measures the cumulative process from entry to spread
of infectious progeny virus to other cells. We used two genome-
wide siRNA libraries in different formats (one with three in-
dividual siRNAs and the other with a pool of four siRNAs), as
well as more than 200 additional selected individual siRNAs,
making this the most comprehensive virus-host screen reported
to date. Of the more than 20,000 genes interrogated, 576 were
found to have at least two siRNAs that reduced VACV spread
and 180 of them drew from both primary screens. In addition,
targeting of 530 genes increased spread, and 251 of these genes
were from both primary screens. We attribute the relatively high
overlap between the two libraries to the use of the same virus,
cells, siRNA protocol, and infectious spread assay.

The recent report of Mercer et al. (20) allowed us to compare
datasets in two independent VACV studies. That primary screen
was carried out with a library of 6,979 siRNAs from Qiagen, HeLa
cells infected 72 h after transfection with thymidine kinase-de-
ficient VACV strain Western Reserve, and an endpoint that
measured combined early and late viral protein synthesis. For the
present study, primary screens were carried out with siRNAs to
18,120 genes from Dharmacon and 21,566 genes from Ambion,
HeLa cells infected with the VACV IHD-J strain at 48 h after
siRNA transfection, and an endpoint that measured the entire
replication cycle, including spread of infectious virus to other cells.

Sivan et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1300708110/-/DCSupplemental/pnas.201300708SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1300708110/-/DCSupplemental/pnas.201300708SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1300708110

Fig. 6.
grown on plastic coverslips and transfected with OnTargetPlus pooled siRNA
targeting Nup62 (B and D) or nontargeting siRNA (A and C). After 48 h, cells
were infected with 5 PFU/cell of VACV. At 8 h (A and B) and 20 h (C and D)
postinfection, the cells were processed for TEM. (Insets) Higher magnifica-
tion of specific areas. Representative crescents (CR), IVs, and MVs are labeled.
(Scale bars: 0.5 pm.)

Effect of Nup62 siRNA on virion morphogenesis. HeLa cells were

Because of the different siRNA screen sizes, more than half
of our 576 confident hits were not tested in the study of Mercer
et al. (20), whereas 186 of their 188 confident hits are repre-
sented in the present study. Comparison of those 186 hits with
our top candidates revealed only 13 matches; however, removing
our toxicity filter yielded 708 candidate genes with two or more
reagents scoring <—1.5 MAD, 23 of which overlap with the 186
genes reported by Mercer et al. Although intuitively small, this
overlap represents a significant enrichment over what would be
expected by chance (approximately six genes). This small overlap
may be attributed in part to the experimental differences noted
above, as well as to the high rates of false positives and false
negatives in RNAI screens. Supporting a high rate of false neg-
atives is the observation that all but 4 of the 76 enriched func-
tional annotation clusters of Mercer et al. (20) overlapped with
siRNA hits in our study. Even less correspondence was noted for
individual siRNAs targeting host genes required for HIV repli-
cation, although enrichment was found at the functional pathway
level (35). Nonetheless, the low overlap emphasizes that lists of
RNAI screen hits are not to be considered validated without
additional evidence (e.g., rescue experiments).

We compared the top molecular and cellular functions that
were affected by siRNAs during our genome-wide screen of
VACYV with screens of several other viruses (Table S4). Twelve
common functions were revealed by IPA core analysis to identify
the top five molecular and cellular functions for individual
viruses. Although each virus queried showed enrichment for all
12 functions, the hierarchy varied, with influenza virus being most
similar to VACV (four matches in the top five). Whether this
reflects similarities in virus functions or in the siRNA screening
methodology is uncertain.

The largest number of hits that decreased VACV spread was
seen for host genes involved in translation of mRNA, consistent
with the absence of any viral genes dedicated to this process.
Moreover, the large number of translation hits, which included
translation factors and ribosomal subunits, established the depth
of coverage of the screen. The proteasome/ubiquitin pathway and
endoplasmic reticulum-to-Golgi transport, which had been iden-
tified as important for VACV DNA replication and formation of
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enveloped virions, respectively, using chemical and dominant
negative inhibitors, were enriched in our siRNA screen as well.
Mercer et al. (20) focused on the ubiquitin-mediated proteo-
some pathway for uncoating of the VACV core and genome
replication. In our study, the numbers of hits that decreased and
increased VACV spread were similar. Examples of the latter are
genes encoding subunits of RNA polymerase II and proteins
associated with host mRNA formation. It seems plausible that
shutting down host mRNA synthesis in the nucleus would at-
tenuate host defenses and conserve cellular resources, thereby
benefitting VACV; however, two older studies based on the use
of a-aminitin had suggested a positive role for RNA polymerase
I in VACYV replication (36, 37). One of these studies isolated an
a-aminitin VACV-resistant mutant, and the other posited that
RNA polymerase II transcribes certain unidentified VACV
genes. These studies were performed without the benefit of
current molecular tools, however, and further work is needed to
identify the putative positive and negative effects of RNA
polymerase II on VACYV replication.

From among the many host functions that have been impli-
cated in VACV replication, we chose one class to explore in
depth. In view of the cytoplasmic site of replication of poxviruses,
the finding that siRNAs to nuclear pore genes inhibit VACV
spread was intriguing. The nuclear pore complex comprises ~30
different polypeptides and functions to facilitate or restrict entry
of molecules to and from the nucleus (32, 38). Of these, our
siRNA screens identified six that knock down VACV spread.
Many viruses, including vesicular stomatitis virus, influenza
virus, poliovirus, rhinoviruses, and herpesviruses, have de-
veloped mechanisms to control or inactivate transport through
the pore (39). Disruption of the nuclear-cytoplasmic pathway
may diminish the cellular antiviral response, and modifications
may allow preferential export of viral mRNAs of nuclear viru-
ses. Knockdown of Nup genes might have been expected to en-
hance VACV spread; however, the reverse was found.

To explore the basis for the effect of Nup gene siRNAs on
VACV, we carried out studies with Nup62, a core component of
the nuclear pore complex. We chose this target because robust
inhibition was achieved with multiple siRNAs and additional
evidence against an off-target effect was obtained. Subsequently,
we learned that an annotation cluster-labeled nuclear pore that
included Nup62 ranked fourth out of 76 enriched functional
groups in the siRNA screen of Mercer et al. (20). Moreover,
Nup62 has been shown to interact directly with herpes simplex
virus ICP27 (40) and Epstein Barr virus BGLF-4 (41) and to be
degraded by poliovirus and rhinovirus proteases (42). We found
that knockdown of Nup62 inhibited the production of infectious
VACV in a one-step growth experiment, but had no effect on
entry and only modest effects on DNA replication and early and
late viral gene expression. In addition, Nup62 knockdown did not
prevent the previously reported association of cellular top-
oisomerase II with viral factories (34). However, TEM revealed
a severe block in VACV morphogenesis beyond the IV stage.
Interestingly, a block in morphogenesis beyond the IV stage and
only small decreases in viral gene expression was reported in
VACV-infected enucleated cells (21). Although it is possible that
Nup62 has a direct role in VACV morphogenesis, it seems more
likely that the effect is related to perturbations in nuclear trans-
port, considering that siRNAs targeting Nups in different sub-
complexes also decreased VACV spread. When several Nups,
such as Nup93 or Nup98, were targeted simultaneously with
Nup62, no additive effect was noted beyond the arrest conferred
by the individual siRNAs (Fig. S2B), suggesting that they all
function in the same nuclear transport pathway. We also found
that leptomycin B, a drug that blocks chromosome maintenance
region 1 (Crml)-dependant export from the nucleus, inhibits
VACYV spread (Fig. S2B). Whether interference with nuclear
transport prevents necessary cellular molecules from exiting the
nucleus or prevents viral defense proteins from entering cannot be
ascertained at this time, although the former possibility seems
more likely. So far, only one VACV protein, E3, has been shown to
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enter the nucleus (43), but its ability to explain the effects seen
here is in doubt.

Experimental Procedures

Screening was conducted with the Ambion Silencer Select Human Genome
siRNA Library version 4 of nonpooled siRNAs and the Dharmacon siGENOME
SMARTpool siRNA, consisting of four unique siRNA duplexes per gene in
a single well. The wells of assay plates were imaged with a Molecular Devices
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ImageXpress Micro high-content platform integrated into an Agilent BioCel
robotic system. The screen, statistical analysis, hit identification, and other
methods are described in detail in S/ Experimental Procedures.
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