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SUMMARY
Innate immune responses are characterized by precise gene expression whereby gene subsets are
temporally induced to limit infection, although the mechanisms involved are incompletely
understood. We show that antiviral immunity in Drosophila requires the transcriptional pausing
pathway, including Negative Elongation Factor (NELF) that pauses RNA Polymerase II (Pol II)
and Positive Elongation Factor b (P-TEFb), which releases paused Pol II to produce full length
transcripts. We identify a set of genes that is rapidly transcribed upon arbovirus infection,
including components of antiviral pathways (RNA silencing, autophagy, JAK/STAT, Toll, and
Imd) and various Toll receptors. Many of these genes require P-TEFb for expression and exhibit
pausing-associated chromatin features. Furthermore, transcriptional pausing is critical for antiviral
immunity in insects, as NELF and P-TEFb are required to restrict viral replication in adult flies
and vector mosquito cells. Thus, transcriptional pausing primes virally-induced genes to facilitate
rapid gene induction and robust antiviral responses.

INTRODUCTION
The innate immune system is an ancient, highly conserved mode of defense against
pathogens and the sole method of protection for invertebrates and plants. A critical aspect of
innate immunity is the rapid activation of gene expression programs to generate effectors
that restrict pathogens (Medzhitov and Horng, 2009; Smale, 2010). The best-characterized
example is the lipopolysaccharide (LPS)-induced macrophage response, which is classically
described in two stages: the rapid protein synthesis-independent induction of immediate-
early genes (termed the primary response), followed by the subsequent protein-synthesis-
dependent induction of secondary response genes (Medzhitov and Horng, 2009; Smale,
2010). Studies have implicated the step of transcription initiation in regulating these waves
of gene expression, in both mammals (Medzhitov and Horng, 2009) and insects (Boutros et
al., 2002; Hoffmann, 2003). In this mode of regulation, pathogen recognition leads to
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activation of specific transcription factors that recruit RNA Polymerase II (Pol II) and
general transcription factors to promoters, thereby inducing gene expression (Medzhitov and
Horng, 2009; Roeder, 2005). While this is often considered canonical, how other
transcriptional regulatory mechanisms play a role in orchestrating immune responses are less
clear, particularly across a diverse range of pathogens and hosts. Furthermore, inducible host
programs that control pathogens in disease-transmitting insect vectors, particularly viruses,
are not well defined.

Transcriptional pausing is a mode of gene regulation that occurs as a step in the transcription
cycle downstream of initiation (Sims et al., 2004). Recent studies suggest that a subset of
inducible genes can also be tightly regulated at this step (Nechaev and Adelman, 2011;
Saunders et al., 2006). Initially described to negatively regulate a handful of genes,
including Drosophila heat shock loci, recent studies reveal that a larger set of genes are
positively regulated by this step of the transcription cycle (Bernstein et al., 2006; Boyer et
al., 2006; Gilchrist et al., 2010; Gilchrist et al., 2008; Lee et al., 2006; Muse et al., 2007;
Saunders et al., 2006; Wang et al., 2007; Zeitlinger et al., 2007). At these loci, Pol II is
recruited and engaged in transcription, but only synthesizes short, abortive precursor
transcripts (Nechaev and Adelman, 2011). Pol II is paused and unable to transition into
productive elongation by associating with Negative Elongation Factor (NELF) and DRB-
sensitivity Factor (DSIF). This process competes with nucleosomes for occupancy in the
promoter-proximal region, thereby keeping these loci more accessible for future activation
(Gilchrist et al., 2010). Upon stimulation, Pol II is released from pausing by recruitment of
Positive Elongation Factor (P-TEFb), leading to the phosphorylation of NELF, DSIF and
Serine-2 of the Pol II CTD (Pol II Ser-2-P). This causes the rapid transition to the elongating
form of Pol II (Pol II Ser-2-P/Ser-5-P) and functional mRNA production (Nechaev and
Adelman, 2011). In some systems, open histone marks near the promoter region, including
Histone 3 Lysine 4 trimethylation (H3K4me3), are associated with transcriptionally paused
loci (Guenther et al., 2007; Hargreaves et al., 2009). Collectively, these studies indicate that
transcriptional pausing promotes an open chromatin state near the transcription start site for
some inducible genes, thereby potentiating their future activation. A subset of mammalian
LPS-dependent primary response genes is regulated by pausing (Adelman et al., 2009;
Hargreaves et al., 2009). Whether this is evolutionarily conserved or required for antiviral
defense is unknown.

Drosophila melanogaster is a powerful genetic organism to study how transcriptional
mechanisms govern innate responses (Ganesan et al., 2011; Hultmark, 2003; Kemp and
Imler, 2009; Lemaitre and Hoffmann, 2007; Wasserman, 2004). Not only was
transcriptional pausing initially discovered and extensively characterized in Drosophila
(Gilmour and Lis, 1986; Nechaev and Adelman, 2011), its sole reliance on innate defenses
provides a robust model system for study (Cherry and Silverman, 2006; Hultmark, 2003;
Lemaitre and Hoffmann, 2007; Sabin et al., 2010). Indeed, Toll was discovered using
Drosophila, leading to subsequent discovery of the mammalian Toll-Like Receptors (TLRs)
(Fitzgerald and Chen, 2006; Lemaitre and Hoffmann, 2007; Lemaitre et al., 1996). This
system has also been used to study antiviral immunity of insect vectors, as many human
arthropod-borne viruses (arboviruses) can infect and replicate in flies, including the
Alphavirus Sindbis virus (SINV), Rhabdovirus Vesicular Stomatitis virus (VSV),
Bunyavirus Rift Valley Fever Virus (RFV), and Flavivirus Kunjin (KUN) (Chotkowski et
al., 2008; Filone et al., 2010; Rose et al., 2011; Sabin et al., 2009; Shelly et al., 2009). While
transcriptional programs against bacteria and fungi are well-established in insect models
(Ferrandon et al., 2007), much less is known about the host programs that restrict viruses
(Sabin et al., 2010). Some antiviral transcriptional pathways, including the classic JAK/
STAT pathway, have found to be conserved in Drosophila (Avadhanula et al., 2009; Costa
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et al., 2009; Dostert et al., 2005; Zambon et al., 2005), but are insufficient to account for all
antiviral defenses.

To discover additional antiviral transcriptional mechanisms, we used RNAi screeningagainst
disparate arboviruses in Drosophila and identified multiple components of the
transcriptional pausing pathway (including NELF, DSIF, and P-TEFb) as essential
mediators of insect antiviral defense. Genome-wide transcriptional profiling led us to
characterize a complex virally-induced genetic program, including components of known
antiviral pathways (Toll, Imd, JAK/STAT, autophagy, and RNA silencing) and a number of
Toll receptors, including one recently found to play a role in antiviral defense (Lemaitre and
Hoffmann, 2007; Nakamoto et al., 2012; Sabin et al., 2010). This transcriptional response is
rapid and consists of two classes: translation-independent and dependent genes.
Furthermore, we find that over half of this response relies on the pausing-release factor P-
TEFb and has biochemical features of inducible paused loci, including the promoter-
proximal enrichment of pausing machinery (Pol II, NELF, and DSIF) and NELF-dependent
basal synthesis of short, abortive transcripts. We also demonstrate that transcriptional
pausing controls infection at the organismal level, as NELF and P-TEFb restrict viral
replication in flies. We extend our findings to mosquitoes, the natural hosts of some
arboviruses, and find that NELF and P-TEFb restrict infection in Aedes aegypti cells. Our
data collectively suggest that transcriptional pausing enhances promoter accessibility of
virally-responsive loci to allow for rapid activation upon infection. Once induced, this
program produces a robust and multifaceted response to restrict viral infection.

RESULTS
NELF Restricts Viral Infection In Drosophila Cells

To identify host factors that broadly restrict viral infection, we performed a small-scale
RNAi screen in Drosophila cells using disparate arthropod-borne RNA viruses (VSV and
SINV) whose natural cycle involves transmission between insects and vertebrates (Rose et
al., 2011; Sabin et al., 2009; Weaver and Barrett, 2004). Depletion of two components of the
four subunit NELF complex, which is involved in transcriptional pausing (Sims et al., 2004),
increased infection by these viruses (S.C., unpublished data). To further investigate NELF's
role in antiviral defense, we generated independent dsRNAs targeting alternative regions of
the identified subunits, NELF-B and NELF-D (TH1). We found that depletion of NELF-B
or NELF-D with an independent dsRNA similarly increases susceptibility of cells to SINV
and VSV infection compared to non-targeting controls, as measured by percent infection
(Figure 1A). The infection percentage is determined by fluorescence microscopy of GFP, a
reporter expressed from the genome of both viruses (Burnham et al., 2007; Ramsburg et al.,
2005). Quantification reveals >2-fold increase in VSV and SINV infection (Figure 1B).
Northern blot analysis shows efficient knockdown (Figures S1A and S1B). We also
measured viral replication by Northern blot and found increased VSV mRNA levels in
NELF-B or NELF-D-depleted cells (Figure 1C). Similarly, we found that SINV RNA levels
are increased in NELF-deficient cells (Figure 1D). Furthermore, we found that NELF-B can
also restrict VSV and SINV infection in Drosophila S2 and Kc167 cells (Figures 1E, 1F,
S1C, and S1D). From these findings, we conclude that NELF restricts viral pathogens from
disparate families in a variety of Drosophila cell lines.

Transcriptional Pausing Is Required For Defense Against Disparate Arboviral Pathogens
To determine whether NELF's antiviral activity is mediated through involvement in the
transcriptional pausing pathway, we tested whether DSIF or P-TEFb, two complexes
required for pausing and release, are antiviral against VSV and SINV (Figure 2A). DSIF,
comprised of Spt4 and Spt5, binds NELF and helps facilitate polymerase pausing about 50

Xu et al. Page 3

Cell Host Microbe. Author manuscript; available in PMC 2013 October 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



base pairs downstream of the transcription start site (Saunders et al., 2006). P-TEFb,
comprised of Cdk9 and CyclinT (CycT), releases this pause to promote transcriptional
elongation and functional mRNA production (Nechaev and Adelman, 2011; Saunders et al.,
2006). We find that both of these complexes restrict VSV and SINV infection, as their
depletion causes a significant increase in infection (Figures 2B and 2C). In addition,
Northern blotting indicates that both VSV and SINV mRNA levels are increased in cells
depleted of DSIF or P-TEFb subunits (Figures 2D and 2E). We also found that P-TEFb is
antiviral in S2 and Kc167 cells (Figures S2A and S2B). Lastly, we determined whether this
pathway is antiviral against other medically relevant arboviruses and found that P-TEFb
restricts KUN and RFV infection in Drosophila cells, along with the natural Drosophila
pathogen Drosophila C virus (DCV) (Figures S2C and S2D).

We found that machinery that helps to pause Pol II (NELF, DSIF) and P-TEFb that
alleviates this pause both have antiviral phenotypes (Figures 1 and 2), suggesting that these
complexes act concertedly to promote antiviral defense. This is consistent with recent
studies reporting that NELF-mediated pausing positively regulates gene expression by
promoting open chromatin structure in the promoter-proximal region of genes, facilitating
their future activation by P-TEFb (Adelman et al., 2009; Hargreaves et al., 2009). This is in
contrast to other genes, most classically the heat shock loci, where NELF and DSIF
negatively regulate gene expression (Wu et al., 2003). Altogether, these data suggest that
NELF's antiviral activity is mediated through the transcriptional pausing pathway to
positively control gene expression, through regulation of antiviral gene induction.

Viral Infection Induces A Rapid Antiviral Host Response
To identify virally-induced genes that are regulated by transcriptional pausing, we first
analyzed a published Drosophila microarray study that found two-thirds of approximately
250 NELF-dependent genes are positively controlled by NELF (Gilchrist et al., 2008). One
immune-associated gene called Tep II was genetically dependent on NELF for its basal
expression and had enrichment of pausing machinery near its promoter (Gilchrist et al.,
2008). There was increased nucleosome occupancy in the promoter region of Tep II upon
NELF depletion, explaining how the loss of NELF could lead to reduced expression
(Gilchrist et al., 2008). This is provocative, because Tep II is a complement-related gene that
is induced by SINV infection in Drosophila and mosquito cells (Mudiganti et al., 2010).

Based on these findings, we first tested whether virus infection leads to Tep II induction
(Gilchrist et al., 2008). We also tested Peptidoglycan recognition protein SA (PGRP-SA), a
bacterial-recognition protein of the Toll pathway, that was shown to be genetically
dependent on NELF, but its biochemical status had been unexplored (Gilchrist et al., 2008;
Gottar et al., 2002). Given that pausing-regulated genes are often rapidly induced
(Rasmussen and Lis, 1995; Zeitlinger et al., 2007), we challenged Drosophila cells with
virus and monitored gene induction at 4 hours post-infection. We found that both VSV and
SINV can induce Tep II expression at this early time-point post-infection, as measured by
RT-qPCR (Figure 3A). This is prior to the initiation of viral replication at approximately 6
hours post-infection (Figure 3A, not shown) (Dezélée et al., 1987; Gliedman et al., 1975). In
contrast, we found that PGRP-SA is not induced (Figure 3A), suggesting that only a subset
of NELF-regulated genes is responsive to viral infection.

Next, we set out to identify the full spectrum of virally induced genes that may be pausing-
regulated. To this end, we performed global gene expression profiling of Drosophila cells
that were either uninfected or infected with VSV for 4 hours. We profiled two independent
experiments, identifying 540 upregulated and 96 downregulated genes with at least a 2.8-
fold change in mRNA levels (q<0.005; Figure 3B, Tables S1A and S1B). Gene Ontology
(GO) enrichment analysis revealed that several known immune and antiviral pathways are

Xu et al. Page 4

Cell Host Microbe. Author manuscript; available in PMC 2013 October 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



over-represented within this dataset (p<0.05, Figure 3C, Tables S1C and D), including
humoral immune response and immune system development (Figure 3C and Table S1C).
We also identified components of major antiviral pathways known to restrict viruses in
Drosophila including RNA interference, JAK/STAT, Imd, and autophagy pathways (Figure
3C and Table S1D) (Avadhanula et al., 2009; Costa et al., 2009; Dostert et al., 2005; Sabin
et al., 2010; Shelly et al., 2009; Zambon et al., 2005). Interestingly, we also found that
transcriptional pausing pathway components NELF-A and CycT are induced (Figure 3B and
Table S1D). Altogether, our findings suggest that this rapidly induced early transcriptional
program has antiviral effector function.

Viral Infection Induces A Transcriptionally Complex Antiviral Host Response
Next, we tested whether these virally responsive genes are inducible by both VSV and
SINV. We selected candidates from our dataset with known antiviral function (Ars2, Dcr-2),
genes not previously implicated in Drosophila antiviral immunity (Ago1, cnk, Nos), and the
CycT subunit of the P-TEFb complex (Figure 2). We found that both viruses induce these
genes at 4 hours post-infection (Figures 4A and 4B). Since two Toll receptors (Toll-2 and
Toll-8) were VSV-induced in our profiling data, we also tested the panel of nine Drosophila
Toll receptors. We found that Toll, Toll-2, Toll-7, and Toll-8 are inducible by both VSV and
SINV, while the remaining Tolls are not inducible by both viruses (Figures 4A and 4B, not
shown).

Many rapidly inducible, pausing-regulated genes are activated in the absence of protein
synthesis and are a subset of primary response genes (Herschman, 1991; Shaw and Kamen,
1986; Yamamoto and Alberts, 1976). To determine whether the induction of our candidate
genes requires new protein synthesis, we compared their transcript levels upon viral
infection in the presence and absence of Cycloheximide (CHX), a translation inhibitor. We
found that Tep II, Toll, and Toll-7 are inducible by VSV and SINV in a translation-
independent manner (Figure 4C and 4D). In contrast, Nos was virally induced in a
Cycloheximide-dependent manner (Figure 4C and 4D). Hence, our findings suggest this
early virally induced gene expression program is multifaceted, involving both primary
responses and secondary responses.

Some Virally Induced Genes Are NELF And P-TEFb-dependent
To determine whether the induction of these translation-independent genes requires the
transcriptional pausing machinery, we first depleted NELF (NELF-B, D) or P-TEFb (Cdk9)
by RNAi, challenged Drosophila cells with VSV or SINV, and monitored their induction by
RT-qPCR. We found that VSV- and SINV-induced expression of Tep II, Toll, Toll-2, Toll-7
and Toll-8 are attenuated upon NELF or P-TEFb knockdown (Figures 5A and 5B). In
addition, we found that the basal levels of Tep II and Toll, but not Toll-7 or Toll-8, are
reduced upon NELF and P-TEFb-depletion (Figure S3A). Expression levels of
housekeeping genes Clathrin Heavy Chain (Chc) and Rp49 are unaffected by the loss of
pausing factors, with or without viral infection (Figures 5D and S3B). This is consistent with
reports suggesting that transcriptional pausing is a step in the transcription cycle of many
constitutively active housekeeping genes, but not necessarily rate-limiting for their
expression (Gilchrist et al., 2008). Hence, the requirement for NELF and P-TEFb are not
necessarily to maintain basal levels per se.

We also found that pausing regulates only a subset of the response since not all virus-
induced genes are NELF- and P-TEFb-dependent. One example is CG13325 (Figure 5C), a
VSV-induced gene from our profiling dataset that is also found to be induced by DCV in
flies (Dostert et al., 2005). In addition, we tested whether NELF or P-TEFb is required for
induction of antimicrobial peptides (AMPs) Diptericin B (DptB) and Attacin B (AttB),
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which are classic peptidoglycan (PGN)-inducible genes that require NFkappaB (Boutros et
al., 2002; Ganesan et al., 2011). We found their induction to be independent of NELF and P-
TEFb (Figures 5E and S3C). These findings demonstrate that transcriptional pausing
controls specific subsets of pathogen-induced genes.

To characterize the spectrum of virally induced genes that require pausing factors, we
performed genome-wide profiling and found that P-TEFb regulates about 52% of the 540
virally induced genes (≥ 1.5 fold down-regulation, 279 genes, Figure 5F, and Table S1A).
This is a highly significant enrichment compared to published studies showing that only
1-5% of the transcriptome is affected by the loss of NELF or P-TEFb in Drosophila and
mammalian systems using similar approaches (Garriga et al., 2010; Gilchrist et al., 2008;
Sun and Li, 2010; Yu et al., 2008). Altogether, our findings suggest that transcriptional
pausing plays a major role in regulating the virally induced gene expression program.

Virally Induced, P-TEFb-Dependent Genes Have Chromatin Features of Paused Loci
Several biochemical traits have been described for pausing-regulated inducible genes in the
literature, including (1) promoter-proximal enrichment of NELF and DSIF, (2) production of
short, abortive transcripts from the 5’ transcriptional start site, (3) promoter-proximal
enrichment of the open chromatin mark H3K4me3, and (4) a peak of Pol II localization at
the promoter, but largely absent from the body of the gene (Enderle et al., 2011; Gilchrist et
al., 2010; Nechaev et al., 2010). Genome-wide studies have characterized these cellular
features (Adelman et al., 2009; Enderle et al., 2011; Gilchrist et al., 2010) and we analyzed
this data to determine whether virally responsive genes have these traits. Since Tep II has
been shown to be regulated by transcriptional pausing both genetically and biochemically
(Gilchrist et al., 2008), it serves as a proof-of-principle for our analysis (Figure 6A). We
found that the Tep II promoter-proximal region is (1) enriched for the paused machinery
(NELF, DSIF), (2) produces abundant short, abortive transcripts from the 5’ transcriptional
start site, (3) exhibits promoter-proximal enrichment of H3K4me3, and (4) has a peak of Pol
II restricted to the promoter-proximal region (Figure 6A). Next, we analyzed the Toll
receptors and found that only the four pan-virally-inducible Toll receptors (Toll, Toll-7,
Toll-2 and Toll-8) also have these features (Figures 6B, S4A, S4B, and S4C), while the
remaining five Toll receptors do not (Figures 6D and S4D, data not shown). Furthermore,
CG13325 also lacks the pausing-associated chromatin traits (Figure 6C), which is virally
induced independent of NELF and P-TEFb (Figure 5C). PGN-inducible and NFkappaB-
dependent AMP genes, DptB and AttA, also lacked these features (Figures S4E and S4F).
As expected, housekeeping genes differ from the virally inducible pausing-regulated loci.
Rp49 and Chc have Pol II occupancy spanning the body of the gene, indicative of robust
functional mRNA production (Figures S4G and S4H). The virally induced genes that are
NELF and P-TEFb-dependent lack this downstream occupancy, consistent with their low
basal expression and dependence on transcriptional pausing for induction (Figures 4, 5, 6,
and S4). Lastly, we analyzed available Pol II occupancy from Mod Encode for some of our
pausing-regulated virally induced genes in other cell types (Celniker et al., 2009;
Kharchenko et al., 2011). Tep II and Toll have the same basal promoter-proximal
enrichment of Pol II in Kc167 and CME W1 cl.8+ cells (Figures S4I and S4J), suggesting
that this pausing signature may be conserved.

Next, we performed chromatin immunoprecipitation (ChIP) of RNA Pol II using an
antibody that recognizes both initiating and elongating forms of Pol II (Ser-2-P/Ser-5-P) at
virally induced loci in Drosophila cells. We found significant Pol II occupancy in the
promoter-proximal regions of Tep II and Toll-8 in the absence of infection (Figures 6E and
6F), but little signal near the promoter of the NELF-independent gene CG13325 (Figure
6G). As expected, there is also little Pol II signal in the body of Tep II, Toll-8, and CG13325
prior to infection (Figures 6E, 6F, and 6G), consistent with our mRNA and ChIP analyses
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(Figures 5, 6A, 6B, and 6C). NELF-depletion leads to a reduction in Pol II occupancy near
the Tep II promoter region (Figure 6E), consistent with our mRNA analysis and published
findings (Gilchrist et al., 2008). We found that 5’ short reads are also detectable in
uninfected Drosophila cells for Tep II and Toll-8, but not CG13325 (Figure 6H), as
measured by RT-qPCR. Importantly, the synthesis of these short transcripts is NELF-
dependent (Figure 6H). These findings, in addition to our genetic studies, suggest that
NELF-dependent abortive transcription promotes Pol II occupancy at a basal state.

Moreover, we found that VSV infection triggers a significant increase in Pol II occupancy in
both promoter-proximal and distal regions of Tep II, Toll-8, and CG13325 (Figures 6E, 6F,
and 6G). This occupancy was NELF-dependent for Tep II and Toll-8, but not CG13325
(Figures 6E, 6F, and 6G). For Tep II and Toll-8, pausing helps facilitate Pol II release into
the body of the genes upon viral infection and supports our finding of a genetic dependence
on NELF for functional mRNA production upon viral infection (Figure 5). As a control, we
tested the housekeeping gene RpL3 and found no significant difference in Pol II occupancy
upon viral infection in the promoter-proximal or distal regions (not shown). Thus, we have
biochemically and genetically identified a pausing-dependent, virally responsive gene
expression program.

Lastly, we examined the pausing hallmarks at the chromatin level for the virally induced
genes as a whole. Published genome-wide characterization of these features suggests that
approximately 50% of the genome, including constitutively active housekeeping genes, have
pausing traits to varying degrees (7466 genes). However, only 13% (1866 genes) are defined
as strongly paused (Gilchrist et al., 2010). We similarly defined candidates as strongly
paused if they had a statistically significant enrichment within +/- 500 kb of the transcription
start site for at least three of these four traits: (1) NELF, (2) DSIF, (3) Pol II and (4) basal
short transcript production. Our analysis reveals that 14% of the genome has these features
(2225 genes, Figure 6I), consistent with published findings. Strikingly, we found that 47%
of the P-TEFb-dependent genes are strongly paused at the chromatin level (130 genes,
Figure 6I, Table S1A), a significant enrichment compared to the genome as a whole
(p<0.0001, Figure 6I). GO enrichment analysis identified 16 categories within this set of
genes (p<0.05, Figure S4K and Table S2). In addition to the immune response category that
was also enriched within the dataset as a whole (Figure 3C and Table S2), other categories
include MAPK signaling and genes involved in cytoskeleton organization (Table S2).

Transcriptional Pausing Restricts Viral Replication In Adult Flies And Mosquito Cells
To determine whether transcriptional pausing plays an essential antiviral role at the
organismal level, we depleted two major pathway components, NELF-B and Cdk9, in adult
fliesusing inducible RNAi, as null mutants are lethal (Wang et al., 2010). We used the Gal4/
UAS system to drive expression of UAS-inverted repeat transgenes (UAS-NELF-B IR or
UAS-Cdk9 IR), which bear long hairpin dsRNA constructs to target the endogenous
transcripts in vivo. To bypass developmental requirements, we drove the expression of
hairpins using a heat shock (hs) promoter and found that we can deplete NELF-B or Cdk9
mRNAs (Figure S5). We challenged NELF-B-depleted, Cdk9-depleted, or control flies with
carrier (PBS), VSV, or SINV, and monitored for viral replication using plaque assays. We
found that NELF-B-deficient flies and Cdk9-deficient flies have significantly higher VSV
and SINV titers compared to wildtype flies at two time points post-infection (Figures 7A,
7B, 7C, and 7D). To determine whether transcriptional pausing regulates a similar gene
expression program in vivo, we challenged files with VSV and found that Tep II was
induced 24 hours post-infection in a NELF-B-dependent manner (Figure 7E). These findings
suggest that transcriptional pausing plays a critical role in Drosophila antiviral immunity at
the organismal level.
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Lastly, to determine whether this antiviral mechanism is conserved in other insects,
including mosquito vectors, we examined whether NELF and P-TEFb can restrict viral
replication in mosquito cells. We used RNAi to deplete Aedes aegypti Aag2 cells of NELF-
B (AAEL014752) or Cdk9 (AAEL013002) and compared the percentage of infected cells to
non-targeting controls using microscopy. We found that NELF-B and Cdk9 restricted these
two viruses in mosquito cells (Figures 7F and 7G). In addition, we used Northern blotting to
measure viral RNA levels. We found VSV and SINV mRNA levels are increased in NELF-
B or Cdk9-depleted cells as compared to control cells (Figure 7H). Our findings using both
Drosophila and Aedes systems suggest that transcriptional pausing plays an important and
conserved role in insect antiviral defense.

DISCUSSION
Through RNAi screening against disparate arboviral pathogens in Drosophila, we
discovered that the transcriptional pausing pathway is broadly antiviral in insects (Figures 1,
2, and 7). This led us to characterize a rapidly-inducible host response that has components
from all major known antiviral pathways, including RNA silencing genes Ars2, Cbp80, and
Dcr-2 that control a range of RNA viruses in insects (Figure 3 and Table S1D) (Chotkowski
et al., 2008; Galiana-Arnoux et al., 2006; Keene et al., 2004; Li et al., 2002; Mueller et al.,
2010; Sabin et al., 2009; Wang et al., 2006; Zambon et al., 2006). 52% of this virus-induced
response requires P-TEFb for activation (Figure 5F), which is highly overrepresented
compared to the genome as a whole (Garriga et al., 2010; Gilchrist et al., 2010; Gilchrist et
al., 2008; Sun and Li, 2010; Yu et al., 2008). We find that 47% of the P-TEFb-dependent
response has multiple chromatin features of transcriptional pausing, which is also enriched
compared to 14% of the genome as a whole (p<0.0001, Figure 6I). These strict biochemical
criteria include the presence of the pausing machinery (Pol II, NELF, and DSIF) and the
basal synthesis of 5’ short transcripts. Mechanistically, we find that RNA Pol II is enriched
in the promoter-proximal region for the virally induced pausing-regulated genes and this
occupancy is NELF-dependent (Figures 6E and 6F). At these loci, short abortive transcripts
are synthesized in a NELF-dependent manner (Figure 6H). Upon viral infection, RNA Pol II
is rapidly recruited downstream, leading to the production of full-length mRNAs (Figures 5
and 6). Moreover, we find that pausing is antiviral in various Drosophila cell lines, mosquito
cells, and adult flies (Figures 1 and 7), suggesting that a transcriptional pausing-regulated
gene expression program plays a broad and conserved role in insect antiviral defense.

Compared to bacterial infections, less is known about the transcriptional programs that
restrict viral pathogens in insects and no rapid host responses have been characterized
(Carpenter et al., 2009; Dostert et al., 2005; Ferrandon et al., 2007; Lemaitre and Hoffmann,
2007; Mudiganti et al., 2010; Roxström-Lindquist et al., 2004; Souza-Neto et al., 2009; Tsai
et al., 2008). We discovered an early transcriptional response to viral infection that includes
components of major antiviral pathways (Figures 3, 4, and Table S1) (Lemaitre and
Hoffmann, 2007; Sabin et al., 2010). The highly conserved JAK/STAT signaling pathway is
the best-studied antiviral transcriptional response. It is activated by and restricts DCV in
adult flies and Dengue virus in adult mosquitoes, but has not shown to be active in cell
culture (Dostert et al., 2005; Hedges and Johnson, 2008; Souza-Neto et al., 2009). We found
that the Drosophila homolog of JAK (hop) is transcriptionally induced by viral infection
along with 8 pathway-associated genes (Table S1D) (Dostert et al., 2005). However,
induction of JAK/STAT-dependent target genes was not observed and STAT binding sites
were not enriched within our dataset (data not shown) (Dostert et al., 2005). There are two
NFkappaB-dependent signaling pathways in Drosophila, the Toll and IMD pathway, which
are implicated in antiviral defense (Avadhanula et al., 2009; Costa et al., 2009; Ramirez and
Dimopoulos, 2010; Zambon et al., 2005). We found that Toll itself and the IMD pathway
component Relish were are induced by infection, but not other pathway components nor
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their canonical downstream AMP targets (Figures 3, 4, Table S1D) (Boutros et al., 2002;
Busse et al., 2007; De Gregorio et al., 2002; Hoffmann, 2003; Irving et al., 2001; Pal et al.,
2008). Moreover, our dataset lacks enrichment for NFkappaB binding sites (data not shown)
(Ganesan et al., 2011). These findings suggest that our rapidly induced antiviral program is
not likely dependent on JAK/STAT, Toll, or IMD pathways. Future work characterizing the
upstream signals leading to P-TEFb recruitment may further shed light into this response.

Interestingly, we found that three other Toll receptors (Toll-2, Toll-7, and Toll-8) are
transcriptionally induced by VSV and SINV infection (Figure 4). We recently found that
Toll-7 is antiviral against VSV via the autophagy pathway and 9 other autophagy-associated
genes are also rapidly induced by viral infection (Table S1D) (Nakamoto et al., 2012; Shelly
et al., 2009). Toll-2 may play a minor role in antibacterial immunity (Ligoxygakis et al.,
2002; Williams et al., 1997). Toll-8 negatively regulates local immune responses to bacterial
challenge (Akhouayri et al., 2011; Michel et al., 2001). Whether Toll-2, Toll-8, or additional
Drosophila Toll receptors play roles in antiviral defense remains an open question.
Furthermore, whether pausing regulates mammalian TLR expression or other pattern
recognition receptors downstream of viral infection is unknown. Since our genome-wide
profiling experiments reveal that known antiviral pathways are virally induced (Figures 3, 4,
and Table S1D), additional genes within our gene-set may also play direct roles in antiviral
immunity. Further exploration of these rapidly induced genes, both paused and non-paused,
may reveal additional aspects of the innate immune arsenal.

One of the best-characterized innate immune transcriptional response is the LPS-induced
primary and secondary response program in macrophages (Medzhitov and Horng, 2009;
Smale, 2010). The primary response is independent of de novo protein synthesis and has
differences in chromatin structure and CpG content compared to the secondary response
(Hargreaves et al., 2009; Ramirez-Carrozzi et al., 2009). Recent studies reveal that a subset
of these LPS-induced primary response genes, including TNF-alpha, is controlled by
transcriptional pausing in vitro (Hargreaves et al., 2009). This rapid antiviral transcriptional
program parallels many aspects of the LPS-induced macrophage response, as both
translation-independent and translation-dependent targets were identified (Figure 4).
Interestingly, some LPS-induced primary response genes, like the transcription factor
IkappaBzeta, control downstream secondary responses (Yamamoto et al., 2004). Whether
any of our virally induced primary response genes drive subsequent gene expression is an
open question. We find that 32 genes are both pausing-regulated and involved in
transcription as defined by annotated GO terms, including transcription factors and
chromatin modifiers. Characterization of their potential roles in driving secondary responses
may reveal insights into the sequential nature of these early immunologic events.

Transcriptional pausing restricts disparate arboviruses in cell culture and at the organismal
level. Whether other insect immune responses are controlled by similar mechanismsis
largely unknown (Gilchrist et al., 2012). Furthermore, whether pausing similarly controls
antiviral defense in mammals is also unknown. Nevertheless, our findings in conjunction
with published literature suggest that transcriptional pausing is associated with rapid gene
induction and may serve as a robust mechanism for immediate defense against a variety of
pathogens across diverse hosts (Adelman and Rogatsky, 2010; Hargreaves et al., 2009;
Zeitlinger et al., 2007). Future work examining the role of transcriptional pausing in these
various immunologic contexts may help define how paused genes are differentially activated
and also lead to the development of therapeutic strategies for infectious diseases.

EXPERIMENTAL PROCEDURES
Detailed descriptions are provided in the Extended Experimental Procedures.
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Cells, Viruses, and Reagents
Cells and viruses were grown and maintained as previously described (Rose et al., 2011;
Shelly et al., 2009). Additional chemicals were obtained from Sigma.

RNAi and Viral Infections
RNAi was performed and cells were processed for microscopy or RNA at the indicated time
points post infection, as described (Shelly et al., 2009).

RNA, Northern Blotting and RT-qPCR
Total RNA was processed for Northern blotting as described (Cherry et al., 2005). For RT-
qPCR, cDNA was subject to PCR and analyzed by relative quantification, by normalizing to
Rp49. Data is represented as relative mRNA expression compared to the untreated samples
and displayed as the mean ± SD for three independent experiments.

Fly Infections and Titering
The indicated genotypes were infected and processed as described (Shelly et al., 2009).

ChIP
ChIPs were performed based on (Gilchrist et al., 2008). The data is represented as a
percentage of each input and displayed as the mean ± SD for three independent experiments.

DNA Microarray Analysis
Affymetrix Drosophila GeneChip microarrays (Affymetrix) were analyzed. We calculated
fold changes relative to uninfected controls and considered significant genes with at least a
2.8 fold change. For Cdk9-dependence, we calculated fold changes relative to VSV-infected
samples and considered significant genes with ≥1.5 fold down-regulation.

Bioinformatics and Statistics
We mapped the Drosophila ChIP-on-chip data for total Pol II (Rpb3), NELF-B, and Spt5
(Gilchrist et al., 2010), H3K4me3 (Beisel et al. 2011), and the short RNA sequence reads
(Nechaev et al., 2010). For H3K4me3 ChIP-seq data, the processed data files were directly
utilized (Beisel et al. 2011). For 5’ short RNA sequence reads, raw sequences were aligned
using the RNA-sequence alignment pipeline at http://www.cbil.upenn.edu/RUM/ (G.G,
unpublished).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Insects mount a rapid antiviral transcriptional response

• Genes from many antiviral pathways, including Toll receptors, are rapidly
induced

• Transcriptional pausing regulates this inducible gene expression program

• The transcriptional pausing pathway restricts disparate arboviruses in insects
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Figure 1. NELF restricts viral infection in Drosophila cells
(A) Drosophila cells were treated with dsRNA against a control (Bgal), NELF-B, or NELF-
D. Infected cells expressing a VSV-encoded GFP (MOI=0.2) or SINV- encoded GFP
(MOI=5) are shown in green, nuclei in blue. (B) Quantification of images in (A) as
normalized to controls. Mean ± S.D. of three independent experiments shown; *p < 0.05.
Northern blot analysis of cells pretreated with the indicated dsRNAs and infected with (C)
VSV or (D) SINV. (E) S2 and (F) Kc167 cells were treated as in (A). Quantification of
images as percentage of infection, normalized to controls. Mean ± S.D. of three independent
experiments shown; *p < 0.05. See also Figure S1.
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Figure 2. Transcriptional pausing and release restricts viral infections in Drosophila cells
(A) Schematic of transcriptional pausing and release. (B) Drosophila cells treated with the
indicated dsRNAs were challenged with VSV (MOI=0.2) or SINV (MOI=5) and monitored
by fluorescence microscopy. (C) Quantification of images in (A). Mean ± S.D. of three
independent experiments shown; *p < 0.05. Northern blot analysis of cells pretreated with
the indicated dsRNAs and infected with (D) VSV or (E) SINV. See also Figure S2.
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Figure 3. An antiviral transcriptional program is rapidly induced by viral infection
(A) Drosophila cells were infected with VSV (MOI=10) or SINV (MOI=25) for 4 hours.
RT-qPCR was performed for Tep II and PGRP-SA, normalized to Rp49, and shown
compared to uninfected controls. Mean ± S.D. of three independent experiments is shown;
*p < 0.005. (B) Heat map of raw signal levels for genes differentially expressed at 4 hours
post VSV-infection (MOI=10), performed in biological duplicates (q<0.005). Shown are
636 transcripts (540 upregulated, 96 downregulated) with at least 2.8-fold change in VSV-
infected cells. Genes of interest are shown on the right. (C) Enriched GO terms for the 540
virally induced genes (p<0.05). See also Tables S1A-D.
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Figure 4. Viral infection triggers a rapid and transcriptionally complex antiviral expression
program
Drosophila cells were infected with (A) VSV (MOI=10) or (B) SINV (MOI=25). RT-qPCR
was performed for the indicated genes at 4 h.p.i., normalized to Rp49, and shown relative to
uninfected controls. Mean ± S.D. of three independent experiments is shown; **p < 0.005,
*p<0.05. (C-D) Drosophila cells were untreated or pre-treated with 10 μg/ml Cycloheximide
(CHX) and infected as in (A, B). RT-qPCR was performed for the indicated genes. Mean ±
S.D. of three independent experiments is shown; *p<0.005.
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Figure 5. A subset of virally induced genes is NELF and P-TEFb-dependent
(A-D) Drosophila cells were treated with the indicated dsRNAs and infected with VSV
(MOI=10) or SINV (MOI=25). RT-qPCR of the indicated genes at 4 h.p.i., normalized to
Rp49, and shown as relative to uninfected controls. Mean ± S.D. of three independent
experiments is shown; **p< 0.005, *p<0.05. (E) Cells were treated with PGN for 6 hours.
AttB expression was measured and normalized as stated above. Mean ± S.D. of three
independent experiments is shown; *p<0.005. (F) Analysis of Cdk9-dependency of the 540
VSV-induced genes (279 genes, ≥1.5 fold down-regulation). Black and gray indicate the
percentage of Cdk9-dependent and independent genes, respectively. See also Figure S3.
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Figure 6. Virally induced, P-TEFb-dependent genes have chromatin features of transcriptionally
paused loci
Mapping of Pol II (Rbp3), NELF (NELF-B), DSIF (Spt5), H3K4me3, and short RNA reads
for (A) Tep II (B) Toll-8 (C) CG13325 and (D) Toll-5. ChIP of RNA Pol II for (E) Tep II
(F) Toll-8 (G) CG13325 in cells treated with the indicated dsRNAs and either uninfected or
infected with VSV (MOI=10). Primers span the promoter-proximal or downstream regions.
The data is represented as a percentage of input. Mean ± SD for three independent
experiments is shown; *p<0.05. (H) RT-qPCR of 5’ short reads for Tep II, Toll-8, and
CG13325 with the indicated dsRNA treatment in Drosophila cells. Transcripts were
normalized to Rp49 and shown as relative to controls. Mean ± S.D. of three independent
experiments is shown; *p<0.05. (I) Comparison of VSV-induced, P-TEFb-dependent genes
with pausing-associated chromatin features to the genome-wide distribution (*p<0.0001).
See also Figure S4 and Table S2.
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Figure 7. NELF and P-TEFb restrict viral infection in flies and mosquito cells
Adult flies of the indicated genotypes were challenged with (A and B) VSV or (C and D)
SINV. Viral titers were measured with mean ± S.D. of three independent experiments
shown; *p < 0.05. (E) Adult flies of the indicated genotypes were challenged with VSV. RT-
qPCR of Tep II is shown, normalized to Rp49, and represented as relative to the uninfected
mock-depleted controls. Mean ± S.D. of three independent experiments is shown; p<0.05.
(F) Aedes aegypti Aag2 cells treated with the indicated dsRNAs were challenged with VSV
(MOI=0.01) or SINV (MOI=0.5) and monitored by fluorescence microscopy (virus in green,
nuclei in blue). (G) Quantification of images in (F) as normalized to controls. Mean ± S.D.
of three independent experiments is shown; *p < 0.05. (H) Northern blot analysis of Aag2
cells pretreated with the indicated dsRNAs and infected with either VSV or SINV. See also
Figure S5.
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