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In response to infection, the innate immune system rapidly acti-
vates an elaborate and tightly orchestrated gene expression pro-
gram to induce critical antimicrobial genes. While many key players
in this program have been identified in disparate biological sys-
tems, it is clear that there are additional uncharacterized mecha-
nisms at play. Our previous studies revealed that a rapidly-induced
antiviral gene expression program is active against disparate hu-
man arthropod-borne viruses in Drosophila. Moreover, one-half of
this program is regulated at the level of transcriptional pausing.
Here we found that Nup98, a virus-induced gene, was antiviral
against a panel of viruses both in cells and adult flies since its de-
pletion significantly enhanced viral infection. Mechanistically, we
found that Nup98 promotes antiviral gene expression inDrosophila
at the level of transcription. Expression profiling revealed that the
virus-induced activation of 36 genes was abrogated upon loss of
Nup98; and we found that a subset of these Nup98-dependent
genes were antiviral. These Nup98-dependent virus-induced genes
are Cdk9-dependent and translation-independent suggesting that
these are rapidly induced primary response genes. Biochemically,
we demonstrate that Nup98 is directly bound to the promoters of
virus-induced genes, and that it promotes occupancy of the initiat-
ing form of RNA polymerase II at these promoters, which are rap-
idly induced on viral infection to restrict human arboviruses
in insects.
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Innate immunity is an evolutionarily conserved mode of defense
against invading pathogens. A major facet of innate immunity

involves the recognition of pathogen-associated molecular pat-
terns by pattern recognition receptors to initiate signaling path-
ways to induce antimicrobial gene expression (1–3). This system is
robust and is the sole mode of protection against invading
pathogens in insects and plants. The gene expression programs
activated on pathogen detection are tightly orchestrated to regu-
late downstream immune responses. The best-characterized ex-
ample is the lipopolysaccharide (LPS)-dependent gene expression
program (2, 4). This response is divided into two stages; within
minutes, a rapid primary response independent of new protein
synthesis is initiated, which instructs the downstream translation-
dependent secondary response (2, 5). Many primary response
genes have active chromatin marks and features of transcriptional
pausing, including high occupancy of the initiating form of RNA
polymerase II (RNAPII), S5 phosphorylated (S5P) (2, 4, 6), along
with negative elongation factor complex (NELF) and DRB Sen-
sitivity-Inducing Factor complex (DSIF), which prevent transcrip-
tional elongation (4, 6–10). Paused RNAPII can be activated by the
positive transcription elongation factor b (P-TEFb) in a stimulus-
dependent manner, which phosphorylates NELF, DSIF, and
RNAPII to release the pause and promote transcriptional elon-
gation and thus the production of mature mRNAs (9, 11–13). In-
deed, a large number of LPS-induced primary response genes are
controlled at the level of pausing including the classical gene TNF-α
(4). Furthermore, this is conserved in Drosophila as the LPS-
inducible homolog of TNF-α (Eiger) is also regulated by pausing

(6). Furthermore, depletion of the pausing factor NELF reduced
RNAPII occupancy on the promoters of LPS-stimulated genes in
Drosophila (6).
Although many signaling pathways that regulate antibacterial

and antifungal gene expression programs have been well char-
acterized in insects, our understanding of antiviral gene expres-
sion programs is less clear (14, 15). We recently found that viral
infection can lead to a rapid antiviral gene expression program,
and that one-half of these virus-inducible genes are regulated at
the level of transcriptional pausing (14). We also found that NELF
is required for RNAPII occupancy at these pausing-regulated
genes (14). These data suggest a conserved role for this mode of
gene regulation in the control of antiviral gene expression; how-
ever, whether there are specific factors required to promote high
RNAPII occupancy at these promoters or to promote the future
activation at particular loci remains unclear.
Nucleoporins (Nups), first identified for their role in nuclear-

cytoplasmic transport, have recently been found to have roles
outside of the nuclear pore. Initially, a subset of Nups was found to
be mobile, able to move off and on the pore (16). The intranuclear
accumulation of one such Nup, Nup98, is linked to ongoing nu-
clear transcription and chemical inhibition of RNA polymerase II
was shown to abrogate its intranuclear mobility (17, 18). More-
over, Nup98 was subsequently found to directly control gene ex-
pression of a subset of developmentally regulated genes (19–21).
Nup98 is recruited to these loci during developmental transcrip-
tional activation, and this association is required for the expression
of such genes, particularly for the rapid induction of hormone-
activated developmental gene targets (19). It was recently shown
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that Nup98 is similarly involved in the transcriptional regulation of
IFN-γ–induced gene expression (22), suggesting that the tran-
scriptional roles of Nups may be involved in immunity.
Based on these findings, and given the fact that many de-

velopmental and immune genes are regulated by transcriptional
pausing (4, 6, 8, 14, 23, 24), we hypothesized that Nup98 also
may regulate virus-induced antiviral genes. We found that Nup98
plays a broadly antiviral role in insects; cells or adult flies de-
pleted of Nup98 are more susceptible to infection against a panel
of disparate RNA viruses. This includes human arboviruses from
diverse families of viruses: Sindbis virus (SINV), an alphavirus;
vesicular stomatitis virus (VSV), a rhabdovirus; and West Nile

virus (Kunjin strain), a flavivirus. Interestingly, we found that in
our experimental system, transient depletion of Nup98 did not
affect general nuclear pore function; nuclear import of NFkB
and nuclear export of mRNAs and proteins were intact. This led
us to discover a role for Nup98 in promoting antiviral gene ex-
pression in Drosophila. Through transcriptional profiling, we
found that 36 genes were virus-induced and Nup98-dependent.
Importantly, we found that a subset of Nup98-dependent virus-
induced genes were antiviral themselves, suggesting that Nup98
directly regulates expression of these antiviral genes. Moreover,
single-molecule RNA fluorescent in situ hybridization (FISH)
revealed reduced levels of virus-induced mRNAs, but not their
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Fig. 1. Nup98 is antiviral in vitro. (A) Drosophila DL1 cells were infected with VSV (10 MOI) and the level of Nup98 mRNA was examined by RT-qPCR. (B-C) DL1
cells were infected with VSV (B) or SINV (C) for 2 h, and Nup98 protein expression was examined by immunoblot. (D–F) DL1 cells were treated with dsRNA
against control (Luc and GFP) or Nup98 and 72 h later infected with SINV-GFP (10 MOI). (D) At 42 hpi, cells were fixed and processed for microscopy and image
analysis. Representative image is shown. (E) Quantification from three independent experiments. (F) At 42 hpi, cells were harvested and GFP expression was
examined by immunoblot. Actin expression was examined as a loading control. (G–I) Drosophila DL1 cells were treated with dsRNA against control or Nup98
and 72 h later infected with VSV-GFP (5 MOI) for 40 h for microscopy. A representative image is shown in G, and quantification is presented in H. (I) VSV-GFP
expression was examined by immunoblot analysis at 40 hpi; actin expression served as a loading control. (J and K) DL1 cells were treated with the indicated
dsRNAs for 72 h and then infected with WNV (Kunjin) (10 MOI) for 48 h. Cells were fixed and processed for quantitative imaging. Representative images are
shown in J, and percent infection is quantified in K. (L and M) DL1 cells depleted of Nup98 were infected with DCV for 20 h. Cells were processed for
quantitative imaging. A representative image is shown in L, and percent infection quantified from three independent experiments is shown in M. The data
represent at least three independent experiments and are presented as mean ± SD. *P < 0.05.
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localization, again supporting a role in the direct regulation of
gene expression at the level of transcription. These Nup98-
dependent virus-induced genes are translation-independent and
regulated by the pausing-release factor P-TEFb. Mechanistically,
we found that Nup98 binds to the promoter of these antiviral
genes and positively regulates the levels of active RNAPII at these
loci at the basal state. Taken together, our data suggest that Nup98
binds to these loci and facilitates the engagement of RNAPII;
subsequent virus challenge signals P-TEFb to activate transcrip-
tion at these loci, inducing antiviral gene expression. These find-
ings demonstrate a previously unidentified requirement for Nup98
in antiviral defense via direct transcriptional initiation of antiviral
genes and its coordination with transcriptional pausing to restrict
viral infection.

Results
Nup98 Restricts Sindbis Virus Infection. We recently reported that
Nup98 mRNA is induced on VSV infection in Drosophila (14).
Because many virus-induced genes are antiviral, we explored the
role of Nup98 in viral infection. We first verified that Nup98 is
induced at the mRNA level and protein level on infection with
VSV (Fig. 1 A and B). We then tested whether Nup98 was also
induced by SINV infection by immunoblot analysis and found
increased levels (Fig. 1C). Finally, we depleted Nup98 using
RNAi in Drosophila cells and infected these cells with SINV that
expresses a GFP reporter (25). Viral infection was monitored by
fluorescence microscopy and quantitative image analysis. We
found that Nup98-depleted cells were threefold to fourfold more
susceptible to infection with SINV (Fig. 1 D and E). We also
measured viral replication by immunoblot analysis and found
significantly increased viral gene expression on depletion of
Nup98 (Fig. 1F). We further validated our results using several
nonoverlapping RNAi reagents and found that the protein levels
of Nup98 were reduced by multiple reagents (Fig. S1A), and that
this resulted in enhanced SINV infection (Fig. S1 B and C).

Nup98 Is Antiviral Against Disparate Viruses. We next examined the
role of Nup98 in viral infections against additional RNA viruses.
First, we infected Nup98-depleted cells with VSV expressing GFP
(26) and observed a threefold to fourfold increase in infection as
measured by microscopy and immunoblot analyses (Fig. 1 G–I
and Fig. S1 D and E). Second, we challenged Nup98-depleted
cells with West Nile virus (strain Kunjin virus) and observed in-
creased infection (Fig. 1 J and K). Because these viruses do not
naturally infect Drosophila, but rather infect mosquitoes, we ex-
amined the role of Nup98 in the infection of a natural Drosophila
pathogen, Drosophila C virus (DCV). We found that cells de-
pleted for Nup98 were also more susceptible to DCV infection
(Fig. 1 L and M).
To investigate whether all nuclear pore proteins have similar

antiviral roles, we tested two additional Nups, Megator (Mtor) and
GP210, and verified depletion with available antibodies (Fig. S1
I and M). We nex infected the Mtor- or GP210-depleted cells with
SINV or VSV. We found that unlike Nup98 depletion, Mtor or
GP210 depletion did not enhance SINV or VSV infection (Fig. S1
F–H and J–L). These data suggest that Nup98 plays a specific an-
tiviral role and likely is not related to its function at the nuclear pore.

Nup98 Restricts Virus Infection in Adult Flies. To determine whether
Nup98 plays an antiviral role at the organismal level, we generated
flies mutant for Nup98 using in vivo RNAi with a previously val-
idated transgenic against Nup98 driven by a ubiquitous but low-
level promoter [daughterless (da)] (19).We challenged the control
flies (da>+) as well as Nup98-depleted flies (da>Nup98 IR) with
SINV andmonitored virus replication by immunoblot analysis.We
observed increased levels of viral replication in Nup98-depleted
flies (Fig. 2A). We next examined the role for Nup98 against VSV
and DCV, two additional viruses that we found to be restricted in

cell culture. Nup98 depletion led to increased VSV and DCV
replication in flies (Fig. 2 B and C). Nup98-depleted flies not only
demonstrated increased viral replication, but also succumbed to
DCV infection earlier than control flies (P < 0.05) (Fig. 2D). Taken
together, these results suggest a broad antiviral role for Nup98 in
adult flies.
Because mosquitoes, particularly Aedes aegypti, are the rele-

vant vectors for numerous arboviruses, we examined whether
Nup98 can restrict viral infection in mosquito cells. We used
RNAi to deplete Nup98 in A. aegypti Aag2 cells and found sig-
nificantly higher levels of SINV infection compared with control
cells as determined by immunoblot analysis (Fig. 2E). This result
suggests that Nup98 plays a conserved antiviral role in insects.

Nucleo-Cytoplasmic TransportMight Not BeAffected onNup98Depletion.
The nuclear pore complex, which is composed of ∼30 Nups,
controls nucleo-cytoplasmic transport of diverse macromolecules.
In a recent study using a genome-wide RNAi screen, Farny et al.
(27) tested the requirements for each gene in poly(A) RNA
transport and found that depletion of only three Nups (including
Nup98) affected transport. In contrast, Sabri et al. (28) tested the
role for Nups using GFP reporters tagged with either a nuclear
localization signal or a nuclear export signal (NES) and found
that depletion of only one Nup affected export, whereas depletion
of three affected import (none of these include Nup98). Thus, at
least during transient depletion, nuclear pore function seems to
be maintained on depletion of many Nups, including Nup98.
Nevertheless, we tested whether Nup98 depletion affects general

nuclear pore-dependent transport. We first generated a Drosophila
DL1 cell line stably expressing the NES-GFP reporter used pre-
viously in S2 cells and examined whether depletion of Nup98 or
other Nups affected nuclear export (28). As a control, we depleted
sbr (dNXF1), which is an essential export factor in metazoans
(29, 30). Indeed, depletion of sbr led to decreased export of
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NES-GFP (Fig. 3A). As expected, we found that depletion of
Nup98 and several other Nups did not alter the nuclear export of
GFP (Fig. 3A). We complemented these studies by examining the
expression of Toll-7, a membrane protein required for antiviral
defense against VSV (31). Again we found that whereas depletion
of the major nuclear export factor sbr resulted in reduced Toll-7
protein levels, depletion of Nup98 did not affect Toll-7 levels (Fig.
3B), suggesting that Toll-7 mRNA export might not be affected.
We next took advantage of a luciferase reporter assay that

monitors both the import of a protein and export of an mRNA.
On stimulation with peptidoglycan (PGN), NFκB (Rel) is acti-
vated and translocates through the nuclear pore into the nucleus,
where it binds to the κB sites in the diptericin B (DiptB) pro-
moter inducing the luciferase reporter (32, 33). This mRNA is
then translocated into the cytoplasm through the nuclear pore,
where it is translated and luciferase activity is monitored (Fig.
3C) (33). Using this system, we first validated that treatment with
PGN induces luciferase and that knockdown of luciferase
mRNA decreases the induced signal (Fig. 3D).
We next tested whether depletion of Nup98 or several addi-

tional Nups affects luciferase production. We found that de-
pletion of these genes did not significantly reduce the induced
luciferase activity, demonstrating that nuclear import of NFκB
and export of the induced reporter mRNA are not affected by
transient depletion of Nup98 (Fig. 3D). This finding is particu-

larly important because it shows that other innate immune gene
expression programs can be induced during infection in the
context of Nup98 depletion.

Nup98 Occupancy at the Nuclear Pore Is Reduced on Virus Infection.
Studies have shown that Nup98 localizes predominantly to the nu-
clear pore complex, but has an additional population in the nucle-
oplasm and can exhibit altered nuclear distribution in response to
some stimuli, such as developmental signaling or IFN-γ (19, 20,
22, 34). In our system, we found that Nup98 levels are increased on
viral infection (Fig. 1 A–C); thus, we examined whether Nup98 lo-
calization is altered by viral infection. As expected, in control cells,
endogenous Nup98 is localized predominantly to the nuclear pe-
riphery and colocalizes with Mab 414, a classical marker of the
nuclear pore and recognizes several phenylalanine-glycine repeat
Nups, as well as with lamin, which stains the nuclear envelope (Fig.
4A). However, within 4 h after VSV infection, the Nup98 signal at
the nuclear envelope was reduced, whereas the patterns of Mab414
and lamin remained unchanged (Fig. 4A). We observed similar
changes in Nup98 on infection with SINV (Fig. 4B). The increased
total Nup98 protein levels at this time point suggests a change
in localization.
We next investigated the intracellular distribution of Nup98 by

nucleo-cytoplasmic fractionation. We found that on infection,
most of the Nup98 remained nuclear (Fig. S2), suggesting that
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although Nup98 intensity is reduced at the nuclear envelope, it is
induced and present within the nucleus on infection. This may
further suggest that on infection, the primary antiviral activity of
Nup98 is executed independent of its nuclear pore localization.

Nup98 Is Required for Antiviral Gene Expression.Recent studies have
revealed a direct role for Nup98 in gene expression, particularly
in the transcriptional regulation of developmental and immune
genes (19, 20, 22, 35). Thus, we hypothesized that Nup98 may
similarly regulate the expression of antiviral genes independent of
its role in nucleo-cytoplasmic transport. As a first test of this hy-
pothesis, we determined whether any of the 37 genes that we
identified as antiviral against SINV in a genome-wide RNAi screen
(36) were bound by Nup98, as measured by chromatin immuno-
precipitation microarray (ChIP-chip) analysis in Drosophila cells
(19). Only one gene, B52, was identified as both antiviral and
bound by Nup98; thus, we hypothesized that B52 is transcrip-
tionally regulated by Nup98. Indeed, we found that B52 was
modestly induced by viral infection (Fig. 5A). Furthermore, both
virus-induced and basal levels of B52 were Nup98-dependent,
and Nup98 depletion led to reduced B52 mRNA levels (Fig. 5A).
Although we had identified B52 as antiviral in our genome-wide
RNAi screen, we had not validated this gene outside of the
screening format. Therefore, we depleted B52 using independent
RNAi reagents (Fig. S3A) and found enhanced SINV replication,
as measured by microscopy (Fig. 5 B and C) and immunoblot
analyses (Fig. 5D). We also found that in addition to SINV, B52-
depleted Drosophila cells are more susceptible to infection with
VSV and DCV (Fig. S3 B and C).
We next examined whether B52 is antiviral in adult flies. We

again used the Gal4/UAS system to perform in vivo RNAi against
B52. We found that depletion of B52 led to increased SINV in-
fection as measured by immunoblot analysis at two time points
postinfection (Fig. S3D). Moreover, DCV infection in adult flies
was increased on the loss of B52, concomitant with increased
mortality (P < 0.05) (Fig. S3 E and F). These results suggest that
B52 is broadly antiviral in Drosophila.
Because depletion of Nup98 had a stronger phenotype than

loss of B52, we hypothesized that Nup98 may be controlling
a larger set of antiviral genes during infection. Thus, we per-
formed global gene expression profiling of control or Nup98-

depleted Drosophila cells in the presence or absence of SINV
infection at 2 h postinfection (hpi). We identified 169 genes that
were significantly induced on viral infection, and found that 36 of
these genes are Nup98-dependent for their expression on viral
infection (Fig. 5E). When we analyzed the Gene Ontology (GO)
molecular functions of these virally induced genes, we found sig-
nificantly enriched transcription factor activity and kinase regu-
lator activity (Fig. S4A). Furthermore, analysis of the GO cellular
localization category revealed that these genes are enriched for
plasma membrane localization and are integral membrane pro-
teins (Fig. S4B). We next independently tested six virus-induced,
Nup98-dependent genes from the microarray and verified that all
six genes were virus-induced and Nup98-dependent for their in-
duction (Fig. 5F).
None of these genes had any previously known role in viral

infection. However, because many antiviral genes are transcrip-
tionally induced by viral infection, we examined whether these
genes are antiviral against SINV in cell culture. We first vali-
dated the depletion of these genes by RT-qPCR (Fig. S4 C–H).
We then infected Drosophila cells depleted of these genes in-
dividually, and found that three of the six genes were modestly
antiviral for SINV, but not for VSV (Fig. 5 G and H and Fig.
S4I). Again, because Nup98 depletion had a stronger phenotype
compared with the depletion of any one downstream target,
these data suggest that Nup98 regulates the expression of a panel
of antiviral genes that together restricts infection.

Nup98 Regulates Expression, but Not Localization, of Virus-Induced
Genes. We further examined whether Nup98 affects the sub-
cellular localization (mRNA export) or generation (transcription)
of virus-induced Nup98-dependent mRNAs using single-molecule
mRNA FISH. This technique can measure both the level and
location of individual mRNAs. Using specific probes, we analyzed
CG9008 and B52 mRNAs in control and Nup98-depleted cells in
the presence or absence of infection, and found a reduced level of
CG9008 mRNA on Nup98 knockdown (Fig. 6 A and B). Although
the number of CG9008 mRNAs was low, we observed that the
largely cytoplasmic distribution of CG9008 mRNA was unchanged
on Nup98 knockdown (Fig. 6A). We also monitored B52 mRNA
and found decreased levels on Nup98 depletion (Fig. 6 C and D).
We also observed a modest increase in B52 RNA levels on VSV
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Fig. 4. Viral infection alters Nup98 localization. (A) DL1 cells were infected with VSV (20 MOI) and at 4 hpi, cells were fixed and processed for microscopy and
probed with the indicated antibodies. (B) DL1 cells were infected with SINV (10 MOI) and at 4 hpi, probed with the indicated antibodies by microscopy.
Representative images from three independent experiments are shown.
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and SINV infection consistent with our RT-qPCR results. There
was no apparent change in the localization of B52 mRNAs; the
mRNAs were predominantly cytoplasmic both with and without
Nup98 depletion. These data reveal that virus-induced Nup98-
dependent genes are not dependent on Nup98 for their export to
the cytoplasm, but that their levels depend on Nup98.

Nup98 Localizes to the Promoters of Virus-Induced Genes. Nup98-
dependent control of gene expression has been linked to its occu-
pancy at target promoters (19, 20). Indeed, we chose B52 because
Nup98 was found at the B52 promoter in ChIP-chip studies per-
formed in Drosophila S2 cells (19). Thus, we examined whether
Nup98 is directly bound to the promoters of two virus-induced

genes, B52 and CG9008, using ChIP-qPCR analysis. As pre-
dicted, we found that Nup98 binds to the promoters of B52 and
CG9008 (Fig. 7 A and B). This binding was increased, albeit
modestly, on SINV infection. This binding signal was specific to
Nup98, as demonstrated by the fact that depletion of Nup98
reduced the occupancy to a similar extent (approximately two-
fold) as the knockdown.
These results suggest that Nup98 positively regulates gene

activation at these promoters and thus may recruit or regulate
RNAP II at these promoters. Therefore, we examined whether
occupancy of the initiating form of RNAPII (S5P) was affected
by the depletion of Nup98. We performed ChIP using the RNAP
II S5P antibody (CTD4H8) and found that depletion of Nup98
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led to a decrease in the RNAPII S5P present at the promoters of
B52 and CG9008 (Fig. 7 C and D). These results suggest that
Nup98 is required to recruit or maintain active RNAPII at the
promoters of virus-induced Nup98-dependent genes, providing
direct evidence for Nup98 in transcriptional activation of
antiviral genes.
Many rapidly inducible genes are regulated in a translation-

independent manner and thus are termed primary response genes
(4). To determine whether the induction of B52 or CG9008
requires new protein synthesis, we examined their mRNA levels
on viral infection in the presence or absence of the translation
inhibitor cycloheximide (CHX). We found that virus-induced ac-
tivation of both B52 and CG9008 was independent of new protein
synthesis (Fig. 7 E and F). We expanded this analysis to the five
additional virus-induced Nup98-dependent genes that we vali-
dated, and found that they were all translation-independent (Fig.
S5 A–E). We next examined whether Nup98 controls this response
and found that Nup98-dependent regulation of virus-induced gene
activation is independent of translation (Fig. S5 F and G).
In a previous study, we observed that half of the virus-induced

genes are regulated by P-TEFb (14), and that a subset of the pri-
mary response genes have RNAPII S5P occupancy at their pro-
moters (4). Here we observed Nup98 occupancy and RNAPII S5P
at the promoters before gene induction, indicative of a transcrip-
tionally paused locus. Thus, we hypothesized that Nup98-de-
pendent genes are pausing-regulated. To examine this, we depleted
cyclin-dependent kinase 9 (Cdk9), the catalytic subunit of P-TEFb,
and determined the expression levels of these seven virus-induced
Nup98-dependent genes. We found that expression of all seven
genes was dependent on Cdk9, because Cdk9 depletion attenuated

the virus-induced expression of these genes (Fig. 7 G and H and
Fig. S5H–L). Taken together, these results provide a link between
Nup98-dependent gene regulation and P-TEFb-dependent gene
induction in the regulation of antiviral genes. Our findings suggest
that Nup98 and transcriptional pausing machinery concertedly
regulate transcriptional activation of antiviral gene expression and
host defense.

Discussion
Here we describe a previously unknown role for Nup98 in regu-
lating antiviral gene expression. Using Drosophila as a model
system, we found that Nup98 is required for antiviral defense
against disparate viruses including human arboviruses. We also
found that Nup98 is required for the regulation of a subset of
virus-induced antiviral genes. Mechanistically, we found that
Nup98 binds to the promoters of these genes and promotes
RNAPII S5P occupancy at these promoters, poising them for
P-TEFb–dependent activation on infection.
The classically described role for Nups is within the nuclear

pore complex, with specific functions in the transport of mac-
romolecules in and out of the nucleus (37–39); however, recent
studies have found both on-pore and off-pore roles for a subset
of Nups (19, 20). Using two independent assays, we found no
defect in nuclear export or import on depletion of Nup98 or
several other nuclear pore proteins. This finding is consistent
with two recent studies that found no role for Nup98 in nuclear
transport when Nup98 was compromised (22, 28). In addition,
using single-molecule RNA FISH, we detected no defect in
nuclear export of B52 or CG9008 mRNA on depletion of Nup98.
Nup98 may regulate the transport of additional antiviral genes,
but nevertheless our results suggest that a subset of antiviral
genes is regulated by Nup98 at the transcriptional level. Alto-
gether, this suggests an off-pore transport-independent role for
Nup98 in antiviral defense.
Viral infection leads to the rapid induction of an antiviral

transcriptional response (14, 15, 40, 41). In metazoans, RNAPII
recruitment and activation are known to regulate signal-dependent
gene transcription (9, 42, 43); however, the factors involved in
recruiting and stabilizing RNAPII at the promoter in a context-
and gene-specific manner in response to diverse stimuli, including
viral infection, are unclear. We demonstrate that Nup98 depletion
reduces the level of RNAPII S5P at the promoters of virally in-
duced genes and, consequently, the level of transcripts. This sug-
gests that Nup98 either promotes recruitment of RNAPII or
maintains the initiating form of RNAPII at the promoters to fa-
cilitate transcription. Along with identifying this Nup98-dependent
pathway in antiviral defense, our findings also shed light on the
mechanistic involvement of Nups in transcription. Although sev-
eral studies have identified a functional role for Nups in tran-
scriptional activation (19–21, 35, 44), the detailed mechanism
behind this role has not been fully deciphered. Our results suggest
a specific step in the transcriptional process, RNAPII S5 activity at
the target gene promoter, which is regulated by Nup98.
We recently showed that transcriptional pausing regulates

one-half of the virus-induced genes in Drosophila, which is sig-
nificantly enriched compared with the genome as a whole (14).
Transcriptionally paused genes have high occupancy of RNAPII
S5P, are primary response genes, and are dependent on P-TEFb
for their induction (4). In this study, we found that the seven
virus-induced Nup98-dependent genes that we validated are
primary response genes; there are high levels of RNAPII S5P at
the promoters basally, and they are dependent on P-TEFb for
their induction. This suggests that Nup98 maintains active RNA-
PII at these genes, keeping them poised for future activation by P-
TEFb. In the absence of Nup98, along with the loss of RNAPII
S5P, these antiviral genes are no longer efficiently induced,
resulting in elevated levels of viral infection. This model is con-
sistent with the recent results demonstrating recruitment of Nup98
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to the promoter of developmentally regulated genes independent of
transcription elongation, because Nup98 recruitment is insensitive
to flavopiridol treatment (19), and that many developmental genes
are known to be regulated at the level of pausing (8, 37). Consistent
with the hypothesis that Nup98 is a specific transcription ac-
tivator, it also has been demonstrated that Nup98 interacts with
histone-modifying enzymes CBP/p300 and histone deacetylases
(45, 46).
Given that Nup98 regulates gene expression of developmental

genes in mammals and Drosophila (19, 20, 35) and we observed
regulation of antiviral genes in Drosophila, we suggest that Nup98
may have functions in regulating cell intrinsic antiviral gene ex-
pression in mammalian systems. Indeed, it has long been recog-
nized that Nup98 is involved in antiviral defense (34, 47–49).
Nup98 depletion reduces the nuclear export of specific immune
regulated genes, including IFN-stimulated genes (47). Further-
more, viral infection was enhanced in Nup98-deficientMEFs (47).
These antiviral phenotypes were ascribed to transport defects;
however, it has not been explored whether Nup98 also directly
regulates the induction of antiviral primary response genes. In-
terestingly, a recent study found that Nup98 impacts the regulation
of IFN-γ–responsive genes (22). In this study, Nup98 was required
to set the reactivation state of IFN-γ–responsive genes without
affecting the initial activation (22). Mechanistically, they found
that Nup98 binds the promoter of IFN-γ–responsive genes and is
required for the maintenance of histone H3K4 dimethylation
during transcriptional memory (22). Whether Nup98 affects the
transcriptional memory of immune-regulated genes in Drosophila
remains to be seen.
The signal-dependent antiviral response is tightly regulated to

induce the appropriate immune response. Our results shed light
on how virus-specific gene regulation is controlled. This role for

Nup98 in the regulation of a subset of antiviral genes unravels
one additional layer in this complex control of innate immune
gene expression programs. Given our finding that Nup98 is in-
duced, it is possible that the newly synthesized Nup98 regulates
a robust secondary response or alters the memory of these loci, as
has been observed for IFN-γ–responsive genes. Future work ex-
amining the role of Nup98 in other immune contexts in insects
and in viral infection in mammals will lead to better un-
derstanding of the transcriptional regulation of immune system
and may help develop better therapeutic interventions against
viral diseases.

Materials and Methods
Cells, Viruses, and Reagents. DL1, SL2, and Aag2 cells were maintained as
described previously (50). SINV-GFP was propagated in C6/36 cells (25), VSV-
GFP was propagated in BHK-21 cells (26), WNV (Kunjin) was propagated in
BHK21 cells (51), and DCV was propagated in DL2 cells (52). Viral titers for
multiplicity of infection (MOI) calculations were determined in BHK-21 cells.
The following antibodies were used: anti-DCV capsid (52), anti-WNV Ns1
(51), anti-Nup98 for immunofluorescence and ChIP (19), anti-Nup98 for im-
munoblot analysis (a gift from Cordula Schulz, University of Georgia, Athens,
GA) (53), anti-RNAPII S5P (CTD4H8; Milipore), control IgGs (Santa Cruz Bio-
technology), anti-GFP (Santa Cruz Biotechnology), anti-actin (Santa Cruz
Biotechnology); anti-tubulin (Sigma-Aldrich); anti-lamin (Developmental
Studies Hybridoma Bank); HRP-conjugated secondary antibodies (Amer-
sham), and Alexa Fluor-conjugated secondary antibodies (Life Technologies).
The following reagents were used: Firefly luciferase britelite (Perkin-Elmer);
protein G magnetic beads (Life Technologies); and all other chemicals were
obtained from Sigma-Aldrich.

RNAi and Virus Infection. RNAi infection was performed as described pre-
viously (50). Drosophila DL1 cells in 96- or 384-well plates were infected with
SINV at an MOI of 20 for 42 h. In 12-well plates, DL1 cells were infected with
SINV at an MOI of 5 for 24–36 h. DL1 cells were infected with VSV at an MOI
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of 5 for 24–26 h. Aag2 cells were infected with SINV at an MOI of 3 for 16 h.
DL1 cells were infected with DCV to achieve a 10–20% infection. DL1 cells
were infected with WNV (Kunjin) at 1 MOI for 48 h.

Immunoblot Analysis. DL1 cells were harvested in RIPA buffer and processed
for immunoblot analysis. Total protein was determined by the Bradford
protein assay, and equal amounts were separated on a SDS/PAGE gel. Rep-
resentative experiments from at least three replicates are shown in the figures.

Adult Fly Infections. Nup98 RNAi flies were reported previously (19). B52 RNAi
transgenics were from the Vienna Drosophila Resource Center. These were
crossed to daGAL4, and the indicated genotypes of the adult progeny (4–7
d old) were used for infections as described previously (52).

Fluorescence Microscopy. For high-magnification studies, DL1 cells were
infected with VSV-GFP or SINV-GFP for 4 h. Cells were replated on glass
coverslips and then fixed with 4% formaldehyde, permeabilized for 10 min
with 0.1% Triton X-100, and stained with the indicated antibodies for 16 h at
4 °C. Images were captured with a Leica DMI 5000 confocal microscope using
a 63× objective. Representative images from at least three independent
experiments are shown. Percent infection analysis was done by automated
imaging and image analysis as described previously, using ImageXpress
Micro and Metaxpress software (36).

DiptB Luciferase Assay. S2 cells stably expressing a firefly luciferase reporter
downstream of the DiptB promoter (33) were transfected with dsRNA using
calcium phosphate and then incubated for 24 h. These cells were treated
with ecdysone (10 μg/uL) for 24 h, then with PGN for 6 h, and monitored for
luciferase activity.

Cellular Fractionation. DL1 cells were resuspended in cytoplasmic lysis buffer
(30 mM Hepes, 2 mM magnesium acetate, 0.1% Nonidet P-40, 5 mM DTT,
protease inhibitors, and PMSF). Cells were lysed by passage through a 30-G
needle and centrifuged at 1,000 × g for 5 min to obtain the cytoplasmic
supernatant. The nuclear pellet was washed twice with wash buffer (30 mM
Hepes, 2 mMmagnesium acetate, 0.1% Nonidet P-40, 5 mM DTT, and PMSF),
followed by lysing in RIPA buffer, centrifugation at 15,000 × g for 15 min,
and collection of nuclear supernatant.

Microarray Analysis. For expression profiling on Affymetrix Drosophila GeneChip
microarrays (Affymetrix), Drosophila cells were treated with Luc or Nup98
dsRNA and then either uninfected or infected with SINV (MOI of 20) for 2 h, in
two independent biological replicates. Total RNA was isolated by TRIzol, and
microarray experiments were performed at the University of Pennsylvania
Microarray Facility following the manufacturer’s protocol (Affymetrix). Arrays
were analyzed using the Affy (54) and limma packages (55) for R (R Founda-
tion for Statistical Computing) and Microsoft Excel. Fold changes relative to
uninfected controls were calculated, and genes with a false discovery rate
(FDR) of <0.01 were considered significant. For Nup98 dependence, fold
changes relative to control samples were calculated, and genes with 1.5-fold
down-regulation and an FDR of <0.1 were considered significant. MeV soft-
ware was used for hierarchical clustering and visualization.

Bioinformatics Analysis. GO analysis was performed using the DAVID tool
(http://david.abcc.ncifcrf.gov/).

RT-qPCR. RNAwas extracted using TRIzol and reverse-transcribed usingMMLV
RT. For qPCR, cDNA was subjected to PCR using SYBR Green and analyzed by
the ΔΔCT method, with normalization to Rp49. Data are presented as rel-
ative mRNA expression compared with the control samples and are dis-
played as mean ± SD values for at least three independent experiments.

RNA FISH. Single-molecule RNA FISH was performed following the Stellaris
RNA FISH protocol (56, 57). We labeled oligonucleotide pools (Biosearch
Technologies) of 26 oligonucleotides against B52 with Alexa Fluor 594 and
29 oligonucleotides against CG9008 with Atto 647N. The oligonucleotides
were desgined using the online Stellaris probe design software (56). All
images were acquired using a Nikon Ti-E widefield microscope with a 100×
1.4 NA objective and a Pixis 1024BR CCD camera. mRNA in each cell was
quantified using custom image processing scripts written in MATLAB (56).

ChIP. ChIP experiments were carried out as described here with some
minor modifications (http://www.epigenesys.eu/en/protocols/chromatin-
immunoprecipitation-chip Prot 48). In brief, DL1 cultures were cross-linked
with 1% formaldehyde for 10 min. Nuclei were isolated with swelling buffer
(25mMHepes, 1.5mMMgCl2, 10mM, KCl, 0.2% Igepal, and protease inhibitor
mixture) using a Dounce homogenizer with a tight pestle (10–15 strokes). The
nuclei were resuspended in sonication buffer (50 mM Hepes pH 7.9, 140 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, and 0.1% SDS),
and the chromatin was fragmented into <500 bp using a bioruptor (Dia-
genode). For each sample, 500 μg of chromatin was immunoprecipitated
overnight at 4 °C using rabbit anti-Nup98 antibody (15 μL), rabbit anti-IgG
(40 μL), mouse anti-RNAPII Ser5P (10 μL), or mouse anti-IgG (40 μL) as a control
and 40 μL of protein G magnetic beads. Beads were washed for 5 min at 4 °C
with 1 mL of each of the following wash buffers: four times with sonication
buffer, once with wash buffer B (20mM Tris pH 8.0, 250 mM LiCl, 0.5% Igepal,
0.5% Na-deoxycholate, and 1 mM EDTA), and once with TE buffer (10mM Tris
pH 8.0 and 1 mM EDTA). The DNA was eluted; cross-linking was reversed, and
DNA was recovered by phenol-chloroform extraction and ethanol pre-
cipitation. RT-qPCR analysis of the recovered DNA was performed, and the
percentage of the DNA recovery from duplicate samples from two in-
dependent experiments after ChIP was plotted and compared with the
amount of input material.

Statistical Analysis. The Student t test was performed in each individual ex-
periment. Experiments were performed at least three times. A P value < 0.05
was considered significant.
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