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SUMMARY

Human respiratory syncytial virus (RSV) is a common cause of lower respiratory tract infections
in the pediatric, elderly, and immunocompromised individuals. RSV non-structural protein NS1
is a known cytosolic immune antagonist, but how NS1 modulates host responses remains poorly
defined. Here, we observe NS1 partitioning into the nucleus of RSV-infected cells, including

the human airway epithelium. Nuclear NS1 coimmunoprecipitates with Mediator complex and
is chromatin associated. Chromatin-immunoprecipitation demonstrates enrichment of NS1 that
overlaps Mediator and transcription factor binding within the promoters and enhancers of
differentially expressed genes during RSV infection. Mutation of the NS1 C-terminal helix
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reduces NS1 impact on host gene expression. These data suggest that nuclear NS1 alters host
responses to RSV infection by binding at regulatory elements of immune response genes and
modulating host gene transcription. Our study identifies another layer of regulation by virally

encoded proteins that shapes host response and impacts immunity to RSV.

In brief

Pei et al. show that NS1 is present in the nucleus in primary airway epithelial, MDDCs, and A549

Page 2

cells upon RSV infection. This study finds that NS1 functions as an immune antagonist by binding

chromatin at the promoters and enhancers of immune response genes and modulating host gene

transcription.
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INTRODUCTION

Human respiratory syncytial virus (RSV) is a common cause of lower respiratory tract

infections. Global estimates show that RSV causes high hospitalization rates and mortality

in children under the age of 5 and in adults over 65 years of age (Shi et al., 2017,

2020). Furthermore, severe RSV infections contribute to the onset of childhood asthma and
bronchiolitis. The disease burden in children and elderly worldwide is significant, especially
with limited, effective prophylactic or treatment options available. Our lack of understanding
of the host responses as well as the host-viral interactions that occur during RSV infection
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consequently restricts our ability to identify additional targets for therapeutic development
that can be used to treat RSV infections.

RSV is a member of the Pneumoviridae family, along with the related human
metapneumovirus (Rima et al., 2017). Unlike other enveloped, non-segmented, negative
strand RNA viruses (NNSVs), the RSV genome contains two additional ORFs at the 3’

end encoding for the multifunctional non-structural proteins NS1 and NS2. Both NS1 and
NS2 have been implicated as interferon (IFN) antagonists, but their described functions

have been largely confined to the cytosol during early stages of infection. Consistent with

a significant role in shaping host antiviral responses, recombinant NS1 or NS2 deletion
viruses are attenuated and result in increased IFN-B mRNA levels compared to wild-type
(WT)-infected cells (Jin et al., 2003; Le Nouén et al., 2014; Meng et al., 20144; Teng et al.,
2000; Whitehead et al., 1999). Of the two non-structural proteins, NS1 appears to function
as a more potent suppressor of IFN signaling, with NS2 enhancing the effect of NS1 (Ling
et al., 2009; Schlender et al., 2000; Spann et al., 2004). NS1 inhibits RIG-1 activity by
interfering with its activation or interaction with the MAVS adaptor protein (Ban et al., 2018;
Boyapalle et al., 2012). NS1 also suppresses the gene expression of transcription factors
IRF3/7 and may enhance the degradation of STAT2 through a proteasomal-mediated process
(Lo etal., 2005; Ren et al., 2011; Spann et al., 2005). In addition, NS1 functions as an
inhibitor of DC maturation (Chatterjee et al., 2017; Gonzalez et al., 2008; Munir et al., 2008;
Spann et al., 2004; Zhang et al., 2005) and may facilitate the proliferation and activation of
Th2 cells (Munir et al., 2011), thereby promoting RSV pathogenesis. While these studies
show an impact of NS1 on transcription, how the non-structural proteins impact transcription
in the nucleus during RSV infection is poorly defined.

Like other NNSVs, RSV replicates in the cytoplasm. Until recently, nuclear translocation of
viral proteins and their contributions to modulating host responses were not well described,
with the exception of a few reports (Atreya et al., 1998; Chatterjee et al., 2017; Spann et

al., 2005; Tan et al., 2013). The RSV matrix protein (M) was the first RSV virally encoded
protein to be identified in the nucleus, but, to date, the function of M in the nucleus is not
completely characterized (Ghildyal et al., 2003, 2005, 2009). We recently reported that RSV
NS1 adopts a structural fold similar to the N-terminal domain of RSV matrix protein and
other NNSV matrix proteins (Chatterjee et al., 2017). Coupled with this is the observation
that RSV infection stimulates increased expression of many genes (Chatterjee et al., 2017;
Dave et al., 2014; Martinez et al., 2007). RSV-induced gene-expression differences include
chemokine and cytoskeletal-related genes at earlier time points of infection and IFN and
inflammatory response genes later in infection. Infection with recombinant RSVs containing
mutations in the C-terminal helix of NS1 that is absent in RSV matrix results in differential
gene-expression patterns more similar to mock-infected cells than to WT RSV-infected

cells (Chatterjee et al., 2017). Altogether, these observations suggest that NS1 may play

a previously underappreciated role in modulating host responses in the nucleus through
changes in gene expression and contribute to RSV viral replication and pathogenesis.

To assess additional functions of NS1, we generated a new RSV NS1-specific monoclonal
antibody. These efforts revealed that RSV NS1 partially partitions into the nucleus upon
RSV infection in primary human lung epithelial cells. This finding demonstrates essential
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functions of NS1 nuclear localization during infections. Similar functions were identified in
immune cells, including human monocyte derived dendritic cells (hnMDDCs), and in NS1
transfections in adenocarcinomic human alveolar basal epithelial (A549) cells. Importantly,
chromatin immunoprecipitation sequencing (ChlP-seq) for NS1 revealed enrichment of
NS1 peaks in transcriptional regulatory elements, including promoters and enhancers of
differentially expressed genes (DEGs) during RSV infection. This pattern is consistent with
a role in disrupting transcription of genes involved in host immune response. These results
highlight an unexpected nuclear function for RSV NS1 that reshapes the host response to
infection and presents previously unrecognized opportunities to use RSV NS1 to develop
new therapeutic approaches.

NS1 partitions into the nucleus and interacts with host nuclear components

RSV infects a wide range of cell types; however, the first site of contact is the upper
airway, and the most common disease is respiratory bronchiolitis due to infection of the
epithelia of the small airways (Aherne et al., 1970; Buckingham et al., 2000; DeVincenzo
et al., 2005; Hall et al., 1981; Hall et al., 2009; Liesman et al., 2014; Pickles and
DeVincenzo, 2015). Among the airway cell types, human in vivoand in vitro data indicate
that RSV preferentially infects the ciliated epithelial cells (Mata et al., 2012; Smith et

al., 2014; Villenave et al., 2013; Villenave et al., 2012; Zhang et al., 2002, 2011). To
further characterize the role of NS1 during infection, we first developed a monoclonal
antibody against recombinant NS1, which we verified for specificity by western blot
analysis (Figure S1A) and immunofluorescence. We next used isolated primary cells from
the tracheobronchial epithelium of donated human lungs (hTECs) for infection with RSV
A2 at a multiplicity of infection (MOI) of 1 and analyzed the resulting infected cells

by immunostaining with the NS1 antibody. We used the RSV A2 strain since this is the
prototypic virus of the A strain viruses that alternates dominance with B strain viruses
(Meng et al., 2014b; Pandya et al., 2019). Sequence alignment of NS1 from different virus
strains show >95% identity among the group A viruses and >85% identity among group
B viruses when compared to group A2 (Figure S1B). After 72 h post-infection (hpi), we
found that NS1 is predominantly localized to the cytoplasm as expected (Figures 1A, 1B,
and S1C). Interestingly, we also observed that RSV infection induces partitioning of NS1
into the nucleus. Mock-infected controls showed no staining for NS1 (Figures 1A and
1B). By comparison, immunostaining for RSV nucleoprotein revealed that nucleoprotein
remains completely cytoplasmic, likely in inclusion bodies, which is consistent with prior
observations (Blanchard et al., 2020; Garcia et al., 1993; Lifland et al., 2012). Previous
studies also showed that human immune cells, including hMDDCs, can be infected by
RSV (Chatterjee et al., 2017; Munir et al., 2011; Munir et al., 2008). To test whether NS1
also partitions into the nucleus of immune cells, we generated and infected hMDDCs with
RSV. At 24 hpi, we find that NS1 is also present in the nucleus of RSV-infected hMDDCs
compared to mock infected (Figures S2A and S2B), whereas nucleoprotein is restricted

to the cytoplasm (Figure S2C). Pierson correlation coefficient (PCC) analysis of intensity
profile data measured across the cells demonstrates a significant correlation of DAPI and
RSV NS1 staining compared to mock NS1 or RSV nucleoprotein (Figure S2D). Together,
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these data demonstrate that NS1 partitioning into the nucleus is a phenomenon consistently
observed during RSV infection.

To define the molecular basis for NS1 regulation of gene expression, we sought to identify
NS1 interactors. To this end, we performed affinity purification of streptavidin 11 (SII) and
hemagglutinin (HA) tagged NS1 (SHI-HA NS1) in HEK293T cells followed by tandem mass
spectrometry (AP-LC-MS/MS). In total, we identified 21 proteins in NS1 purifications that
were significantly enriched relative to purification of an unrelated control protein, FIUAV
NS1 (Figure 1C). Of these 21 identified proteins, 13 proteins identified with high probability
were subunits of the Mediator complex, including subunits MED1, MED 14, and MED25.
Mediator proteins comprise a nuclear-localized, multi-subunit protein complex that is part
of the preinitiation complex required for RNA polymerase Il transcription and is a known
regulator of many innate immune response genes (Carlsten et al., 2013; Soutourina, 2018).
These results align with an earlier proteomics study performed in A549 cells transfected
with NS1 that also identified Mediator complex as an interactor of NS1 but with different
subunits (Wu et al., 2012).

Nucleocytoplasmic trafficking of NS1

The presence of NS1 in the nucleus and interactions between NS1 and host nuclear
components across different cell lines prompted us to further investigate how NS1 partitions
into the nucleus, given that RSV replication occurs in the cytoplasm (Rima et al., 2017). We
find that RSV infection of A549 cells induces partitioning of NS1 into the nucleus relative
to a mock-infected control that showed no staining for NS1 (Figure 2A; Figure S3), as
observed in the hTECs and hMDDC:s. Intensity profile measurements reveal that NS1 was
distributed throughout the nucleus, with relatively less staining in the nucleoli. The nuclear
distribution of NS1 was similar to the localization of Mediator as shown by immunostaining
of the MED subunit, a component of the middle module of the Mediator complex.

We next treated A549 cells with the inhibitor KPT-335 prior to RSV infection. KPT-335
binds to the nuclear transporter exportin 1 (XPOZ1; also known as chromosomal maintenance
1 or CRM1) in the groove where the nuclear export signal of cargoes bind, sequestering
XPO1 and XPOL1 binding proteins in the nucleus (Etchin et al., 2013; Jorquera et al., 2019;
Perwitasari et al., 2014). Here, we find that KPT-335 treatment increased accumulation of
NS1 in the nucleus compared to untreated cells, confirming its presence in the nucleus
(Figure 2B; Figure S4). We also observe colocalization of NS1 with XPO1 in the nucleus,
which is consistent with previous observations (Wu et al., 2012). Interestingly, NS1 and
XPOL1 appeared to concentrate in foci within the nucleus (Figure 2B), the significance of
which is not clear at present. Furthermore, this pattern of colocalization with XPO1 is absent
when KPT-335 treated cells are stained for RSV nucleoprotein. To further examine whether
NS1 associates with XPO1, we performed coimmunoprecipitation (colP) assays in A549
cells transfected with FLAG-tagged NS1. Results show that FLAG-NS1 immunoprecipitates
endogenous XPO1 (Figure S4D), suggesting that XPO1 may play a role in regulating
nucleocytoplasmic trafficking of NS1.

Because NS1 is a small protein of approximately 15 kDa and lacks a canonical nuclear
localization signal or nuclear export signal, passive diffusion of NS1 across the nuclear
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pore complex and into the nucleus may account for this observation. To assess whether
NS1 employs a specific mechanism to localize in the nucleus, we tagged NS1 with a

GFP molecule, which increases the overall molecular weight to >42 kDa. We find that
GFP-NSL1 is localized in the same regions of the nucleus as MED1 and DAPI (Figures 2C
and 2D), similar to our observations with untagged NS1 produced during RSV infection
(Figure 1; Figures 2A and 2B). In contrast, transfection of a control molecule GFP-tagged
KEAP1, an adaptor protein for a Cullin3 ubiquitin E3 ligase, remained cytoplasmic despite
its overexpression. Altogether, these results demonstrate that NS1 is actively transported
into the nucleus and suggest that NS1 may perform roles beyond IFN antagonism in the
cytoplasm.

NS1 binds to regulatory elements on chromatin

Having demonstrated that NS1 produced by RSV infection or NS1 ectopically expressed
through transfection localizes in the nucleus, we next evaluated sub-nuclear localization to
uncover NS1 nuclear function. NS1 colocalization with Mediator and DAPI and exclusion
from nucleoli suggested a potential role in transcriptional regulation. We separated FLAG-
NS1-transfected A549 cells into cytosolic, soluble nuclear, and chromatin fractions and
performed FLAG colP assays with antibodies against Mediator subunits (MED1, MED14,
and MED25) identified by AP-MS (Figure 1C). NS1 was present in all fractions, whereas all
three MED components were primarily localized to the soluble nuclear fraction (Figure 3A).
ColP of FLAG-NS1 from the soluble nuclear fraction revealed interactions with MED1,
MED14, and MED25 (Figure 3A). Cell fractionation also showed NS1 in the soluble nuclear
and chromatin fractions; the quality of fractionation is shown by detection of Mediator and
the chromatin binding factor CTCF in these fractions as expected (Figure 3B).

Nuclear proteins can impact gene transcription by directly or indirectly modulating
chromatin-associated proteins. Given the evidence that NS1 localizes in the nucleus and

is chromatin associated, we next mapped the epigenome-wide chromatin binding of NS1.
We performed ChlP-seq for NS1 in A549 cells expressing HA-NS1 or empty vector-HA
(EV-HA). For comparison, we performed ChlP-seq for Mediator in RSV-infected, HA-NS1
or EV-HA-transfected A549 cells. NS1 or Mediator ChlP-seq identified 1,756 and 21,020
peaks, respectively, with 43% of NS1 peaks coinciding with Mediator peaks (Figure

3C). Mediator peaks in RSV-infected, HA-NS1 and EV-HA-transfected cells were >90%
overlapping, while anti-HA ChIP in EV-HA cells yielded only 81 weak peaks that did not
overlap with any of the NS1 or Mediator peaks. To determine whether NS1 peaks are located
near functional genomic elements, we performed a genome annotation analysis (Heinz et
al., 2010; Yu et al., 2015). We found that NS1 peaks, like Mediator peaks, were highly
enriched (log2 fold change >2) in promoters and 5 untranslated regions (UTR) regions
compared to the non-coding regions that comprise the vast majority of the genome (Figure
S5A). The majority (63.5%) of NS1 peaks are located within 10 kb of genes, 12% coincide
with promoters, and 72.6% overlap enhancers defined in the EnhancerAtlas (Gao et al.,
2016) (Figure 3D). Enhancers are genomic elements that regulate the timing and level of
gene transcription in response to developmental and environmental cues and are highly
tissue specific (Andersson et al., 2014). Further analysis of our ChIP-seq results show that
nearly all of the enhancer NS1 peaks (~95%) overlap with enhancers found in lung tissue,
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suggesting that NS1 may selectively bind to regulatory elements that control genes essential
for respiratory tissue functions, including response to respiratory infection. By comparison,
a smaller percentage of Mediator peaks are associated with all enhancers or lung tissue
enhancers (39%, 82%, Figure S5B). Forty percent of genes with NS1-bound promoters were
differentially expressed during RSV infection (log2 fold change > abs(1) and false discovery
rate [FDR] < 0.05, DESeq2, Figure S5B). The greater coincidence of NS1 peaks with lung
tissue enhancer regions and with promoters of DEGs in RSV infection suggests that NS1
may play a modulatory role in controlling host transcriptional immune response to RSV in
the nucleus.

To determine whether NS1 preferentially binds near DEGs during RSV infection, we
identified NS1 peaks located within 10 kb of genes. Although genes may be regulated

by more distant enhancers, we limited the distance to 10 kb because confidently assigning
enhancer-gene pairs becomes more difficult with increasing distance (Chatterjee et al., 2017,
Fulco et al., 2016, 2019; Gasperini et al., 2019). In almost half of the cases, NS1 peaks are
located within 10 kb of DEGs during RSV infection (47.5%, 464/977; log2 fold change >
abs(1) and FDR < 0.05, DESeg?2). Of these, the most differentially expressed across three
time points post-infection are shown in a heatmap in Figure 3E, including viral immune
response genes /FIT2, IFIT3, IRAKZ2, OASI, RELB, and CXCL5. There are several NS1
peaks within 10 kb of genes in the /F/T locus, including one in the /F/7.3 promoter, and
three in enhancers near /F/T2and /F/T1B (Figure 3F). Three of the NS1 peaks also coincide
with Mediator peaks. To directly test whether NS1 can suppress transcription driven by these
regulatory elements, we cloned these NS1-binding regions into luciferase reporter constructs
and co-transfected them into cells with NS1 or empty vector and treated with poly(l:C). NS1
significantly decreased the transcriptional activity of all but one of the NS1 binding regions
(Figure 3G). Together, these results demonstrate that RSV NS1 binds preferentially in the
regulatory elements of genes with altered expression during RSV infection.

The C-terminal helix of NS1 is important for modulating gene transcription

We previously established that NS1 contains a C-terminal alpha helix 3 and mutation of
this helix results in a recombinant RSV that is attenuated and induces lower expression of
host immune response genes; however, the mechanism by which the C terminus controls
this process was not known (Atreya et al., 1998; Chatterjee et al., 2017; Zhang et al.,
2016). To determine the impact of the mutation on host gene expression, we compared
RNA sequencing (RNA-seq) from cells 96 hpi with NS1 WT or a NS1 C-terminal helix
mutant, Y125A (Figure S6A). Figure 4A shows differential expression of genes within

10 kb of NS1 peaks in WT NS1 RSV infection compared to mock (log2 fold change >
abs(1) and FDR <0.05, DESeq2). In contrast, expression of these same genes in RSV NS1
Y125A infection is quite similar to mock infection. Volcano plots show significant fold
change in the expression of genes within 10 kb of NS1 peaks in RSV NS1 WT infection
(red), while in RSV NS1 Y125A mutant infection, the fold changes are much lower and
often non-significant, including /FIT2, IFIT3, CXCL5, IRAKZ, IRFZ, ISG20, OAS1, and
RELB (Figures 4B and 4C). Given these dramatic differences, we predicted that the NS1
Y125A mutation may impact the cellular distribution of NS1. However, we find that the
Y125A mutation does not alter the localization of NS1 as FLAG-NS1 Y125A localizes to
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the cytoplasm and nucleus similar to FLAG-NS1 WT (Figure S6B). Together, these results
suggest that RSV NS1 can act in the nucleus to modulate the expression of genes involved
in the host response to infection, and that the NS1 Y125 residue may be important for this
function.

To determine whether chromatin binding is impacted by the Y125A mutation, we performed
ChIP for HA-tagged NS1 Y125A, NS1 WT, or for endogenous Mediator in transfected
A549 cells. NS1 WT and NS1 Y125A proteins expressed at near equal levels (Figure S7A).
ChIP-gPCR for NS1 WT peak regions nearest to differentially expressed IFIT genes (Figure
3F, yellow highlights) demonstrates that NS1 Y125A binding to chromatin at these sites is
not significantly different from NS1 WT (Figure S7B). Mediator binding at the IFIT loci
also was not different in the NS1 WT or NS1 Y125A-transfected cells. Mediator binding
was higher than NS1 as expected near a known Mediator site in the GAPDH promoter; there
is no NS1 peak here (Figure S7C). These results suggest that the Y125 residue of NS1 may
not be important for its interaction with chromatin but may impact NS1 host transcriptional
regulation of immune response genes via other interactions.

We hypothesized that nuclear NS1 may function by binding to and disrupting the activity
of TFs and other chromatin-associated factors that regulate the transcription of immune
response genes. Motif enrichment analysis of NS1 peaks and comparison to publicly
available factor ChlP-seq peaks (ENCODE) (Gerstein et al., 2012) revealed significantly
enriched TF motifs and TF peaks, including IFN downstream effectors IRF1 and STAT1/2
at 50%—75% of NS1 peaks (Figure 4D). To directly test whether the Y125A mutation
impacts NS1 suppression of transcription driven by IFN-responsive elements, we expressed
a luciferase reporter containing the IFN-stimulated response element (ISRE), which is
highly similar to the IRF1 and STAT1/2 motifs (Figure 4D) and exhibits robust response
downstream of IFN activation (\Veals et al., 1992). We expressed the reporter in A549

cells with NS1 WT, NS1 Y125A, or EV and stimulated with the double-stranded RNA
(dsRNA) mimic poly(I:C). NS1 WT significantly decreased the transcriptional activity of the
ISRE reporter and this suppression was significantly abrogated by the NS1 Y125A mutant
(Figure 4E). These data suggest that NS1 may interact with or displace one or more TF and
transcriptional regulatory factors to modulate host immune response genes.

DISCUSSION

Host responses to viral infections determine disease outcome, and, therefore, it is important
to understand interactions such as those characterized here for RSV NS1. The impact of
RSV NSL1 in the cytosolic control of early IFN responses has been previously described (Ban
et al., 2018; Boyapalle et al., 2012; Ling et al., 2009; Lo et al., 2005; Schlender et al., 2000;
Spann et al., 2004; Spann et al., 2005; Swedan et al., 2011). Our findings here reveal that
NS1 partitions to the nucleus upon RSV infection, including primary human lung epithelial
cells, and impacts transcription, suggesting that NS1 regulates host gene expression.

NS1 localization in the nucleus has been previously shown when NS1 is expressed upon
transient transfection (Chatterjee et al., 2017; Munday et al., 2010; Spann et al., 2004;
Swedan et al., 2011; Swedan et al., 2009; Tan et al., 2013; Wu et al., 2012). However, it
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was not clear whether NS1 also partitions to the nucleus during natural infection. Using a
new mouse monoclonal antibody that we generated against recombinant RSV NS1 protein,
we detected NS1 in the nucleus by immunofluorescence. This unique reagent allowed us to
visualize in RSV-infected primary human airway epithelial cells, h(MDDCs, and A549s that
NS1 is present both in the cytoplasm and in the nucleus. This finding is striking because it
demonstrates that NS1 protein may not be retained entirely in the cytoplasm by another viral
factor, such as NS2 as has been reported (Swedan et al., 2011). Our observations here of the
nuclear and cytoplasmic partitioning is consistent with the multifunctional nature of NS1.

Given the size of NS1, NS1 may diffuse through nuclear pore. However, KPT-335, an
inhibitor that binds to the nuclear export transporter XPO1 and inhibits its exit from

the nucleus, increased the accumulation of NS1 in the nucleus and its colocalization

with XPO1. This observation suggests that XPO1 may play a role in regulating NS1
nucleocytoplasmic trafficking. Furthermore, when we tagged NS1 with a large fluorophore,
we also detected GFP-tagged NS1 in the nucleus. In contrast, a GFP-tagged control protein
remained completely cytosolic. These results suggest that NS1 may associate with factors
that facilitate nucleocytoplasmic transport of host proteins, such as those identified in a
previous proteomic study that also identified Mediator subunits associated with NS1 (Wu et
al., 2012).

Viral structural proteins from other mononegaviruses have been shown to inhibit IFN
signaling by binding to importins and preventing trafficking of cargoes into the nucleus

that stimulate antiviral responses. This mechanism of IFN inhibition has been described

for measles virus nucleoprotein (Takayama et al., 2012) and Ebola virus VP24 protein

(Xu et al., 2014). Other viral matrix proteins, including RSV and Nipah virus matrix,

traffic through the nucleus as a prerequisite for virion assembly and budding; however, the
biological significance of the nuclear shuttling of matrix remains unclear (Coleman and
Peeples, 1993; Glnther et al., 2020; Pentecost et al., 2015; Ringel et al., 2020; Wang et

al., 2010). Notably, nucleocytoplasmic trafficking of viral structural proteins is facilitated

by nuclear localization signals (NLSs) and/or sequences enriched with lysine or arginine
residues that can mimic NLSs (Tessier et al., 2019; Yarbrough et al., 2014). While RSV NS1
is a non-structural protein that lacks a canonical NLS, its structure is strikingly similar to
the N-terminal domain of RSV matrix protein despite little sequence similarity (Chatterjee
et al., 2017). Additional studies are warranted to further define the mechanism of NS1
transport into the nucleus and whether related matrix proteins encode the ability to modulate
host gene expression during viral infection. Importantly, insights from such studies are
likely to define host targets that may limit RNA infections and/or NS1-dependent immune
suppression.

Here, we show that nuclear RSV NS1 binds to chromatin, in particular, to regulatory
elements near genes that are differentially expressed during RSV infection. In addition, we
demonstrate that NS1 binds these regulatory elements and suppresses gene transcription.
Many of these NS1-bound regions also coincide with regions that bind Mediator, a key
transcriptional regulatory complex recruited by transcription factors that subsequently
contributes to assembly of the RNA polymerase Il preinitiation complex (PIC) on core
gene promoters (Carlsten et al., 2013; Soutourina, 2018). Mediator functions as a physical
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bridge between enhancers and promoters, forming chromatin loops that are essential for
transcriptional regulation (Park et al., 2005; Siershak et al., 2017; Soutourina, 2018),
including many immune response genes. To date, there are limited descriptions of viral
proteins interacting with Mediator, but these report transcriptional regulation of viral genes
(Léonard et al., 2006; Lester and DelL.uca, 2011; Milbradt et al., 2011; Mittler et al., 2003;
Verbruggen et al., 2011; Vojnic et al., 2011). Some viruses, including HIV, HSV, and 1AV,
suppress host gene transcription via interference with CDK9/P-TEFb and activation of RNA
Pol 1l (Mbonye et al., 2013; Rivas et al., 2016). Our findings here demonstrate a viral protein
that interacts with Mediator and gene regulatory elements to target host gene transcription
and counteract host antiviral mechanisms during RSV infection. Our collective results from
AP-MS and ChIP-seq experiments support direct association of RSV NS1. Moreover, we
show that this interaction targets regulatory elements that are associated with immune
response genes, including those near the IFIT genes, and inhibits their transcription.

We previously established that NS1 contains a C-terminal alpha helix 3 that is critical for
mediating IFN antagonism. This helix is unique in comparison to RSV M and mutation of
this helix results in a recombinant RSV that is attenuated and induces lower expression of
host immune response genes, suggesting that NS1 may have a greater role in host immune
evasion than previously appreciated (Atreya et al., 1998; Chatterjee et al., 2017; Zhang et al.,
2016). The studies here not only support our observations but also show that this structural
element may not directly impact NS1 nuclear localization or chromatin binding. Instead,
residues within this helix may reduce host transcription of immune response genes. The
suppression of host transcription could be due to altered affinity of mutant NS1 Y125A

for the same transcriptional regulatory factors as WT NS1 and/or interaction with other
transcriptional regulatory proteins. Either could result in greater interference with host gene
transcription, contributing to the suppression of immune response genes we observe with
RSV NS1 Y125A infection (Chatterjee et al., 2017). These studies point to a multifunctional
role for viral proteins, like RSV NS1, in perturbing the transcriptional control mechanisms
that shape host immune response to infection. While similar mechanisms have been
previously described for DNA viruses, this is not a common mode of action for RNA

viral proteins, which are largely cytosolic and typically cause acute infections with little
evidence of dormancy and reactivation. Because transcriptional control mechanisms alter
the chromatin landscape, which is inheritable, these findings suggest a new mechanism by
which RSV could prevent the formation of long-term immunological memory, particularly
in the lung airway epithelium, where RSV and other pulmonary pathogens cause primary
damage.

Limitations of the study

Our study is based on our findings using a new monoclonal antibody that we developed
against recombinant RSV NS1 protein to detect NS1 in the nucleus of primary hTECs,
hMDDCs, and A549 cell line upon RSV infection. NS1 is an abundant, multifunctional
protein, and we do not exclude that NS1 is also localized at other sites in the cell, including
in the cytoplasm and at the mitochondria. While it is possible that NS1 can also diffuse into
the nucleus, we used the inhibitor of XPO1, KPT-335, as a method to increase visualization
of untagged NS1 in the nucleus and used a GFP-tagged NS1 to increase the molecular
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weight beyond the nuclear diffusion limit in these studies. Further studies are warranted to
identify the host factor(s) that facilitates the direct import and export of NS1 to and from the
nucleus and the potential impact of other RSV proteins on the nucleocytoplasmic trafficking
of NS1.

STARXMETHODS

RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Daisy W. Leung (dwleung@wustl.edu).

Materials availability—All unique/stable reagents generated in this study will be made
available upon request, but we may require a complete Materials Transfer Agreement if
there is potential for commercial application.

Data and code availability—ChlIP-seq and RNA-seq data have been deposited at GEO
and are publicly available as of the date of publication. Accession numbers are listed in the
key resources table. This paper does not report original code. Any additional information
required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In vivo animal studies—To generate a mouse monoclonal antibody to RSV NS1 (clone:
20E9.G12.F7.Al11, 1gG2a/kappa), female 6-8 week-old BALB/c mice housed 5/cage in

a select pathogen-free facility were immunized using a combination of hydrodynamic
injections with pCDNA 3.1 RSV NS1 (five 100 pg plasmid injections at 3—4 week intervals)
and two injections of recombinantly expressed and purified NS1 protein (Chatterjee et al.,
2017) in Freund’s adjuvant (CFA then IFA containing 40 ug each, one month apart). Mice
were rested and given an ip boost of protein in PBS three days prior to euthanasia by

CO2 inhalation and spleens were harvested 3 days later for fusion with P3X63Ag8.653
myelomas. Hybridoma supernatants were screened by ELISA, dot blot, and western blot.

All experiments were performed in accordance with procedures approved by the AAALAC-
accredited Animal Studies Committee of Washington University in St. Louis and were in
compliance with all relevant ethical regulations.

Cell lines—Adenocarcinomic human alveolar basal epithelial (A549) and human
embryonic kidney epithelial (293T) cell lines (ATCC) were maintained in complete
Dulbecco’s modified Eagle’s medium (DMEM; ThemoFisher) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich). Cells were maintained at 37°C
with 5% COs.

Primary cell isolation and culture—Studies using deidentified primary human cells

were obtained from remnant clinical specimens and healthy donors and were approved by
the Institutional Review Board of Washington University School of Medicine.

Cell Rep. Author manuscript; available in PMC 2021 November 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pei et al.

Page 12

Derivation of monocyte-derived dendritic cells—Peripheral blood mononuclear cells
(PBMC) were isolated from deidentified healthy donors by density centrifugation with
Lymphoprep (STEMCELL Technologies). From PBMC, CD14*CD16~ monocytes were
isolated by negative selection using the Classical Monocyte Isolation Kit (Miltenyi Biotec).
Cells were resuspended at 0.5x10° cells/mL in RPMI 1640 media containing 10% FBS, 2
mM L-glutamine, 100 U pen/strep, 50 uM B-mercaptoethanol, 20 ng/mL GM-CSF and 20
ng/mL IL-4. After six days with growth media changes every 48 h, MDDC phenotype was
confirmed with flow cytometry (HLA"DR*CD209*CD141*CD83"CD1c").

Airway epithelial cell culture—Cells were isolated from surgical excess of
tracheobronchial segments of lungs donated for transplantation as previously described
(Horani et al., 2013). Basal epithelial cells were expanded on plastic plates prior to
culture on supported membranes (Transwell, Corning Inc., Corning, NY). Cells were then
differentiated to ciliated and secretory cell types using air-liquid interface conditions as
described (Horani et al., 2013; You et al., 2002).

METHOD DETAILS

Plasmids—RSV NS1 was synthesized and subcloned into a pPCAGGS vector containing
either an N-terminal FLAG- or GFP- tag. KEAP1 (Johnson et al., 2016) was subcloned
similarly. An N-terminal streptavidinll-HA tag NS1 vector (Streptll-HA NS1) was generated
by Gateway cloning using the pDONR221 vector (Invitrogen).

Antibodies—All commercial antibodies are listed in the Key Resources table.

A mouse monoclonal antibody to RSV NS1 (clone: 20E9.G12.F7.A11) was generated from
BALB/c mice (see /n vivo animal studies). Splenic B cells were harvested and fused with
P3X63Ag8.653 mouse myeloma cells. Hybridoma supernatants were screened for antibodies
that bound NS1 by ELISA and western blot before expansion and subcloning by limiting
dilution. Final selected monoclonal antibodies were isotyped, expanded, and purified using
protein A Sepharose affinity chromatography.

Viral infection—RSV strain A2 used in the study was obtained from ATCC (VR-1540;
Manassas, VA, USA). To determine the virus titers, cells cultivated in 24-well plates

were inoculated with 10-fold serial dilutions of virus and incubated in 10% DMEM with
methylcellulose at 37°C for 7 d. Cells were fixed with cold methanol at —80°C for 1 h.
Methanol was removed and cells were incubated with 5% milk blocking buffer at 37°C for
1 h. Followed by incubation of goat anti-RSV (Fisher) and HRP-labeled donkey anti-goat
(Fisher) antibodies. Cells were incubated with 0.03% 4-Chloronapthol and 1% hydrogen
peroxide at 25°C. After 20 min incubation, the plate was dried upside down and plaques
counted. The multiplicity of infection (MOI) was confirmed according to the virus titer from
the plaque assay. RNaseq data from infections with RSV Y125A mutant NS1 was generated
previously (Chatterjee et al., 2017) and re-analyzed here (GSE99298).

For infection, A549 cells and MDDCs were grown to approximately 80% confluence in
cell culture plates and were infected with RSV at a MOI of 1. For hTECs, cells were
differentiated on supported membranes in air-liquid interface cultures followed by RSV
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infection at MOI of 1. Mock infection was performed with phosphate buffered saline (PBS).
After 1 hpi, the inoculum was removed by aspiration. Cells were washed twice with PBS
and incubated in complete medium at 37°C for different time points until harvesting. For
experiments with KPT-335 (verdinexor; RayBiotech), A549 cells were infected with RSV at
a MOl of 1 or mock-infected with PBS. The inoculum was removed 1 hpi and cells were
washed twice with PBS, followed by replacement of complete medium supplemented with
KPT-335 (1 uM) or dimethyl sulfoxide (DMSO) at 37°C for 24 h incubation.

Transfection

For confocal microscopy: A549 cells grown to 80% confluence in 24-well cell culture
plates were transfected with targeted plasmids by using Lipofectamine 2000 transfection
reagent (Thermo Fisher). Briefly, 0.5 pg of plasmid and 1 pL of Lipofectamine 2000 were
diluted in 50 pL of serum-free OptiMEM medium (Thermo Fisher), respectively. After

5 min-incubation, Lipofectamine 2000 OptiMEM was directly pipetted into the medium
containing the diluted plasmid and incubated at room temperature for 25 min. Then the
DNA-lipid complex was added into the cell culture medium, and the cells were further
incubated for 24 h at 37°C. Then followed by confocal detection.

For ChIP: A549 cells were maintained in F-12K medium supplemented with 10% fetal
bovine serum and 5 mM penicillin—streptomycin at 37°C with 5% carbon dioxide. 293T
(human embryonic kidney cell line) were maintained in DMEM medium supplemented with
10% fetal bovine serum and 5 mM penicillin—streptomycin at 37°C with 5% carbon dioxide.
A549 cells (10°) in 15 cm plates were transfected with 20 ug of pPCAGGS vector containing
a 3x HA-tagged NS1 (HA-NS1) or 3x HA-Y125A NS1 (HA-Y125A) or no insert (empty
vector) using Lipofectamine transfection reagent (Invitrogen).

Affinity purification-mass spectrometry and bioinformatics analysis—StreptlI-
HA NS1 was transiently transfected into 293T cells. Affinity purification of Streptll-HA
NS1 or NS1 of Flu-AV (control) was performed as described previously (Holze et al.,

2018). Briefly, cell lysates were incubated with streptavidin affinity resin in TAP lysis buffer
followed by four washes using TAP wash buffer. Four independent affinity purifications
followed by LC-MS/MS were performed. Samples were sequentially digested with LysC
(Wako Chemicals USA) and trypsin (Promega), acidified with 0.1% TFA, desalted with
C18 stage tips and analyzed by liquid chromatography coupled to mass spectrometry on an
Orbitrap XL platform (Thermo Fisher).

Confocal immunofluorescence microscopy

For A549 and MDDC cells: After infection or transfection, cells were washed with

PBS and fixed with 4% paraformaldehyde for 15 min at 25°C. Cell monolayers were
permeabilized with 0.2% Triton X-100 for 15 min. Cells were blocked with PBS containing
5% bovine serum albumin (BSA) for 30 min at room temperature. Next, cells were
incubated for 1 h in the presence of a rabbit anti-Mediatorl antibody (anti-MED1) (1:200)
and a mouse monoclonal antibody to RSV NS1 (anti-NS1) (1:100) in PBS buffer at 37°C
followed by a 1 h incubation in PBS containing goat anti-mouse and anti-rabbit secondary
antibodies conjugated to Alexa Fluor 488 and 594 at a dilution of 1:1000.
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For hTECs: Airway epithelial cells on Transwell membranes were immunostained as
described (Pan et al., 2007; You et al., 2002) using antibodies listed above. Cells on
membranes were fixed with 4% paraformaldehyde for 15 min at 25°C, then washed

with phosphate buffer saline (PBS) three times for 5 min at room temperature (RT). The
membranes were cut from their plastic supports and divided into pieces. Membrane pieces
were incubated in blocking buffer (5% donkey serum, 2% Triton X-100, in PBS) for 30

min at RT then incubated with primary antibody diluted in blocking buffer overnight at

4°C. Membranes were washed with PBS, followed by incubation with the secondary donkey
antibody. Tissue sections of Transwell membranes were generated by immersing fixed cells
on membrane pieces in low-melt agarose for embedding in paraffin, then sectioning. Cell
sections were heated in antigen unmasking solution pH 6.0 (Vector Laboratories) in a
pressure cooker (Biocare Medical) for 10 min prior to immunostaining using a rabbit anti-
Acetyl-alpha-Tubulin (ac-a-tubulin) antibody (1:500) and a mouse anti-RSV NS1 (1:100) or
anti-RSV Nucleoprotein antibody (1:100), followed by a 1 h incubation in PBS containing
donkey anti-mouse and anti-rabbit secondary antibodies conjugated to Alexa Fluor 488 and
555 at a dilution of 1:1000. Following immunostaining, membranes were place on slides or
tissue sections underwent nuclei staining using 4’, 6-diamidino-2-phenylindole (DAPI) in
mounting medium (Fluoroshield; Sigma-Aldrich). Images were acquired using a Zeiss LSM
880 Il FAST confocal microscope with Airyscan and adjusted globally for brightness and
contrast using Adobe Photoshop.

Chromatin immunoprecipitation- (ChIP) seq and ChIP-gPCR—A549 cells were
cross-linked 24 h post-transfection or 48 hours post-infection with hRSV. Cross-linking
(room temperature): Cells in 15 cm plates were washed two times with PBS, incubated for
15 min with 1.25 mM EGS (ethylene glycol-bis(succinic acid N-hydroxysuccinimide ester);
Sigma) in PBS, washed with 3 times PBS, incubated for 10 min with 1% formaldehyde
(Sigma) in PBS. Cross-linking was quenched with the addition of 125 mM glycine (Sigma)
for 5 min. Cells were washed once with PBS. Cells were scraped in ice-cold PBS, aliquoted
to 10° cells per tube, snap-frozen on dry ice and stored at ~80°C until lysis. Cells were
lysed in an SDS buffer (1% SDS, 10 mM EDTA, 50 mM Tris pH 8.0, dH,0) with

protease inhibitors (Roche) for 20 min on ice, then chromatin was fragmented using a
Bioruptor (Diagenode; Denville) to an average size of less than 300 bp. Ten percent of each
sonicated sample was set aside for input; the remaining sonicated lysates were subjected to
immunoprecipitation overnight at 4°C with antibody conjugated to Protein-A Dynabeads.
Chromatin-IP-bead mixtures were then washed three times with buffers: low-salt buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris [pH 8.0], 150 mM NacCl),
high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris pH 8.0, 500

mM NacCl), LiCl buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM
Tris pH 8.0), and 1X Tris-EDTA buffer, and eluted with an SDS buffer (1% SDS, 0.1 M
NaHCO3). Chromatin cross-links were reversed by overnight incubation with 5 M NaCl

at 65°C and DNA was isolated using PCR MinElute spin purification columns (QIAGEN)
per manufacturer instructions. At least 10 ng of ChIP or input DNA was submitted for
indexed library preparation to the Washington University Genome Technology Access
Center (WU GTAC). Samples were indexed and pooled (9-11 per lane) and subjected to 50
bp single-end sequencing per manufacturer protocol (Illumina HiSeq3000). ChIP-qPCR was
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performed with equal volumes of eluted DNA isolated as for ChlPseq with the following
primers: IFITB: GGTATGCCGACCTTGAGAGAG and TTCCCACTAAGGGTCCTGTTC;
IFITC: TGATGCGTGCCCTACTCTC and CTGTGTCTCTGCTGTTCCGA; IFITD:
GGCTGTTTCCTTATTGTTGCTCT and AGCAGTCCTGGTTCTGTGAG; GAPDH:
CGCAGAGCCTCGAGGAGAAG and ACAGGAGGACTTTGGGAACGAC.

RNA-seq—Infected cells were harvested and RNA extracted using the QIAGEN RNA
Easy kit and 500 ng submitted to the WU GTAC. Samples were indexed and pooled (3 per
lane) and subjected to 100 bp paired-end sequencing per manufacturer protocol (I1lumina
HiSeq3000).

Luciferase reporter assays—Luciferase reporter assays were performed with 2.5x10%
293T cells per well of a 96-well plate transfected with pNL1.1.TK (control NanoLuc vector,
Promega, Madison, WI, USA), plus WT or Y125A mutant NS1 or empty vector (p)CAGGS),
with or without 4 pg/mL poly(I:C) (Sigma), plus luciferase reporter plasmids: minimal
promoter pGL4.23 (Promega) or ISRE reporter pGL4.45 (Promega) or minimal promoter
pGL4.23 (Promega) containing one of the NS1 binding regions. Luciferase activity was
measured 24 h post-transfection (triplicate wells per condition, 96-well plate) using the
Promega Nano-Glo system per manufacturer protocol in a BioTek Cytation5 plate reader.
All experiments were performed at least twice.

QUANTIFICATION AND STATISTICAL ANALYSIS

Colocalization analysis—The fluorescence intensity profiles and distribution of each
signal were measured on the indicated line in the merge panel using ZEN 2.6 software.
Pearson’s correlation coefficient (PCC) was measured in two-color images in the ImageJ
analysis software package. The nuclear region was defined as a “region of interest” (ROI)
over the image and the PCC value was calculated according to the formula:

Yi(Ri - R)x(G; - G)

PCC =
\/Zi(Ri - R x %i(Gi - 5)2

where R;and G;refer to the intensity values of the red and green channels, respectively,
and R and G refer to the mean intensities of the red and green channels, respectively,
across the entire nuclear region in individual cells. PCC values near 1 reflect distributions
of fluorescence signals that are correlated with one another. Values near zero reflect
distributions of probes that are uncorrelated with one another.

ChlIP- and RNA-sequencing analysis—Reads were aligned to hg19 with bowtie2
(v2.2.5) with default settings (Langmead and Salzberg, 2012). Peaks were called

with HOMER (version v4.10.1) with the settings tbp = 1 and findPeaks cmd =

findPeaks ns1_ha_align_tbp1/ —style factor —o auto —i ns1_input_align_tbpl1/ (Heinz et al.,
2010). RPKM normalized genome browser tracks were created with deepTools (v3.1.0)
bamCoverage utility with settings—binSize10-extendReads150—normalize using RPKM
and visualized on the UCSC genome browser 29106570. ChIPQC (v1.14.0) was used for
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quality control (Carroll et al., 2014). The ChIPSeeker R package (v1.16.1) and HOMER
were used to annotate peaks (Heinz et al., 2010; Yu et al., 2012; Yu et al., 2015).

For new RNA-seq data acquired for this paper (0, 24, 48 hpi), reads were aligned to the
Ensembl release 76 primary assembly with STAR version 2.5.1a (Dobin et al., 2013). Gene
counts were imported into the R/Bioconductor package EdgeR (Robinson et al., 2010);
TMM normalization size factors were calculated to adjust for differences in library size.
Ribosomal genes and genes not expressed in the smallest group size minus one sample
greater than one count-per-million were excluded from further analysis. The TMM size
factors and the matrix of counts were then imported into the R/Bioconductor package
Limma (Ritchie et al., 2015). Weighted likelihoods based on the observed mean-variance
relationship of every gene and sample were then calculated for all samples with the
voomWithQualityWeights (Luo et al., 2009). The performance of all genes was assessed
with plots of the residual standard deviation of every gene to their average log-count with
a robustly fitted trend line of the residuals. Differential expression analysis was performed
using R/Bioconductor package Limma (Ritchie et al., 2015) and the results were filtered for
Benjamini-Hochberg false-discovery rate adjusted p values < 0.05. Heatmaps and volcano
plots were generated with R packages heatmap2 and ggplot2. Genotify (v1.2.1) was used
for manual gene curation (Andrews et al., 2018). Graphing and statistical analyses were
performed using the R ggplot2 (3.2.1) and stats (3.4.1) packages and with Graphpad Prism
(v8.2.1).

ChIP-gPCR analysis—Triplicate PCR wells were averaged and input wells were also
scaled to 100% (10% of total input chromatin had been set aside from each sample prior
to ChIP): input Ct value —3.322. Percent input for each ChIP sample was calculated as %
input = 100 * 2”([scaled input]-[sample]). Log2 fold change was plotted in figure by 2°(%
input-ChIP sample / % input 1gG).

Luciferase reporter assay analysis—The average ratios of the firefly to NanoLuc
luciferase replicate values for each condition were compared to the average ratio for the
minimal promoter reporter to determine relative luciferase activity. Statistical analyses were
performed using Graphpad Prism 8. A pvalue < 0.05 was considered statistically significant.
For all graphs, mean values + standard deviation (SD) are shown.

Interaction proteomics data analysis—Mass spectrometry raw files were processed
with MaxQuant version 1.3.0.5 or 1.4.0.654 using the built-in Andromeda engine to search
against human proteome (UniprotKB, release 2012_06) containing forward and reverse
sequences. In MaxQuant, the label-free quantitation (LFQ) algorithm and Match Between
Runs option were used. Only proteins identified on the basis of at least two peptides and a
minimum of three quantitation events in at least one experimental group were considered.
LFQ protein intensity values were log-transformed, and missing values were filled by
imputation. Specific enrichment was determined by multiple equal variance t tests with
permutation-based false-discovery rate (FDR) statistics, performing 250 permutations. FDR
thresholds and SO parameters were empirically set to separate background from specifically
enriched proteins. Data was analyzed using Perseus version 1.5.2.11. Results were plotted
using R (www.R-project.org). Sequence logo was generated using WebL ogo56.
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Statistical analysis—Unless otherwise indicated, all data are representative of the mean
and standard deviation of at least two replicates. Statistical analyses were performed using
Graphpad Prism 8. A pvalue < 0.05 was considered statistically significant and are indicated
in the figures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
NS1 partitions into the nucleus upon RSV infection
NS1 coimmunoprecipitates with chromatin-associated proteins

NS1 binds regulatory elements of differentially expressed genes in RSV
infection

NS1 modulates host gene transcription
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Figure 1. NS1 partitions into the nucleus in RSV-infected airway epithelial cells and associates
with host nuclear proteins
hTECs differentiated on supported membranes using air-liquid interface culture were treated

with PBS (mock) or RSV at MOI of 1 on the apical surface for 72 h. Fixed cells on
membranes were processed through paraffin embedding and then immunostained using
antibodies to RSV NS1 (green; left and right panels) or nucleoprotein (green; middle panel)
and co-stained with cilia marker anti-acetylated tubulin (ac-a-tubulin, red).

(A and B) Shown are representative photomicrographs from three experiments with (A)
low-power observation and (B) high-power magnification. Scale bar: 10 pm. Merged images
in the bottom rows of (A) and (B) demonstrate that NS1 localizes in cytoplasm and nucleus
of cells, while nucleoprotein is present in aggregates within the cytoplasm of ciliated cells
during RSV infection.

(C) AP-LC-MS/MS reveals cytoplasmic and nuclear interactors of RSV NS1. Volcano plot
shows p values and fold enrichment over unrelated control (n = 3). Significant interactors are
depicted in red, other proteins in blue (non-significant) or gray (depleted).
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Figure 2. Nucleocytoplasmic partitioning of NS1 is facilitated through interactions with host
transporters
(A) Representative confocal micrographs of A549 cells that were mock infected (top rows)

or infected with RSV A2 at a MOI of 1 for 24 h (bottom rows). Cells were fixed and stained
with anti-NS1 antibody (green), anti-Mediator 1 (MED1) (red), or DAPI (blue). Scale bar:
10 um. Right panels: intensity profile analysis was performed along the white line using
ZEN 2.6 software to display the distribution of the three fluorophore signals.

(B) Representative confocal images of A549 cells that were infected with RSV A2 at a

MOI of 1 for 24 h and incubated with DMSO (control, left panel) or KPT-335 (1 uM,
middle panel). Cells were fixed and stained with anti-exportin 1 (XPO1) (red), anti-NS1
antibody (green), or DAPI (blue). Scale bar: 10 um. Cells were analyzed using ImageJ to
determine the NS1 fluorophore signal of nucleus relative to cytoplasm (Fn / Fc, right part).
Data represent mean + SD. Statistical analysis was performed using Student’s t test (****p <
0.0001).

(C) Representative confocal micrographs of A549 cells that were transfected either with
GFP-KEAPL (top rows) or GFP-NS1 (bottom rows) for 24 h. Cells were fixed and stained
with anti-MED1 antibody (red) or DAPI (blue) and visualized for GFP fluorescence (green).
Scale bar: 10 um. Right panels: intensity profile analysis was performed along the white line
using ZEN 2.6 software to display the distribution of the three fluorophore signals.
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(D) PCC was determined between MED1 and NS1 or MED1 and KEAP1 channels for GFP-
NS1 and GFP-KEAP1 transfected cells as shown in (C). Representative of 3 experiments.
(****p < 0.0001; ns, not significant)
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Figure 3. NS1 binds at transcriptional regulatory elements of genes differentially expressed

during RSV infection

(A) Western blots show co-IP of FLAG-NS1 with MED1, MED14, and MED25. WCL,
whole-cell lysate; Cy, cytoplasmic fraction; SN, soluble nuclear fraction; Ch, chromatin

fraction.

(B) Western blots of subcellular fractionated A549 cells expressing HA-NS1. U,

unfractionated; M, membrane; Cy, cytosol.
(C) Overlap of NS1 and Mediator ChlP-seq peaks in A549 cells.

(D) Bar chart shows number of NS1 ChIP-seq peaks in functional genomic regions.
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(E) Heatmap shows differentially expressed genes with 10 kb of NS1 peaks at 24, 48, and 96
hpi with RSV (RNA-seq).

(F) NS1 ChiIP-seq peaks coincide with an enhancer (A), promoter (C), and Mediator peaks
(B-D). Tracks: ChIP-seq as reads per million (RPM). Red and blue bars: called peaks
(HOMER); GeneHancer track shows overlapping promoter (pink) and enhancers (green)
(UCSC browser).

(G) Bar graph shows fold change + standard deviation of luciferase activity of reporters
with NS1-bound regions in the /F/T locus (A-D as in (F) relative to minimal promoter
reporter (minP) in A549 cells transfected with empty vector (EV) or NS1 and treated with
LMW polyl:C for 24 h. Unpaired t test, *p < 0.05, **p < 0.005, ns, not significant. All are
representative of =2 experiments.
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Figure 4. The C-terminal helix of NS1 is important for modulating gene transcription
(A) Heatmap shows DEG within 10 kb of NS1 peaks at 96 hpi with mock, NS1 WT, or

Y125A RSV (RNA-seq).
(B and C) Volcano plots show (B) WT NS1 or (C) NS1 Y125A versus mock infection (as
in A). Red: DEG <10 kb from an NS1 peak; blue: DEG >10 kb from an NS1 peak; gray:
non-DEG. Selected genes are labeled.
(D) Two transcription factor motifs enriched in NS1 peaks. The ISRE motif, which is highly
similar to IRF1 and STAT1/STAT2 motifs, drives transcription of the luciferase reporter in

(E).

(A)—(D) are representative of 2 experiments.
(E) Bar graph shows fold change + standard deviation of ISRE reporter luciferase activity
relative to minimal promoter reporter (minP) in A549 cells transfected with empty vector
(EV), WT, or Y125A NS1 and treated with LMW polyl:C for 24 h. Unpaired t test; **p <
0.005. Representative of >3 experiments.
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REAGENT OR RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-RSV NS1 This paper N/A

Mouse monoclonal anti-RSV nucleoprotein Abcam Cat#ah94806; RRID: AB_10674696

Rabbit polyclonal anti-MED1

Rabbit polyclonal anti-MED14

Mouse monoclonal anti-MED25

Rabbit monoclonal anti-XPO1

Mouse monoclonal anti FLAG

Rabbit monoclonal anti-Acetyl-alpha-Tubulin
Alexa Fluor 488-conjugated goat anti-mouse 1gG
Alexa Fluor 594-conjugated goat anti-rabbit IgG
Alexa Fluor 488-conjugated donkey anti-mouse 1gG
Alexa Fluor 555-conjugated donkey anti-rabbit IgG
Peroxidase affiniPure goat anti mouse 1gG
Peroxidase affiniPure goat anti rabbit 1gG

Goat polyclonal anti-RSV

HRP-conjugated donkey anti-goat 1gG

Rabbit polyclonal anti-GAPDH

Rabbit polyclonal anti-CTCF

Mouse monoclonal anti-tubulin

Rabbit polyclonal anti-HA

Normal rabbit 19G

Rat monoclonal anti-CD209-PerCP-Cyanine5.5
Mouse monoclonal anti-CD141-APC

Mouse monoclonal anti-CD83-FITC

Mouse monoclonal anti-CD1c-PE

Mouse monoclonal anti-HLA-DR-Alexa Fluor 700

Bethyl Laboratories
Bethyl Laboratories
Santa Cruz Biotechnology
Abcam

Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Jackson ImmunoResearch
Jackson ImmunoResearch
Fisher Scientific

Fisher Scientific

Abcam

Cell Signaling Technology
Sigma-Aldrich

Abcam

Millipore

Fisher Scientific

Fisher Scientific

Fisher Scientific
ThermoFisher Scientific

Fisher Scientific

Cat#A300-793A; RRID: AB_577241
Cat#A301-044A; RRID: AB_2266461
Cat#sc-393759

Cat#ab180144; RRID: AB_2847862
Cat#F3165; RRID: AB_259529
Cat#SAB5600134

Cat#A-11029; RRID: AB_2534088
Cat#A-11037; RRID: AB_2534095
Cat#A-21202; RRID: AB_141607
Cat#A-31572; RRID: AB_162543
Cat#115-035-003; RRID: AB_10015289
Cat#111-035-003; RRID: AB_2313567
Cat#AB1128MI

Cat#AP180PMI

ah9485; RRID: AB_307275

2899; RRID: AB_2086794
T9026-100UI; RRID: AB_477593
Ab9110; RRID: AB_307019

12-370; RRID: AB_145841
Cat#50-158-32; RRID AB_1106983
Cat#17141942; RRID: AB_2662437
Cat#50-968-3

Cat#25-0015-42; RRID: AB_2573324
Cat#5016938

Bacterial and virus strains

Human respiratory syncytial virus (RSV, A2 strain) ATCC Cat#VR-1540

Human respiratory syncytial virus NS1 Y125A Chatterjee et al., 2017 N/A

Escherichia coli BL21(DE3) Novagen Cat#69450

Biological samples

Fetal Bovine serum Sigma-Aldrich Cat#F4135

Donkey serum Sigma-Aldrich Cat#D9663; RRID: AB_2810235

Bovine Serum Albumin (BSA)

Fisher Scientific

Cat#BP9704-100

Chemicals, peptides, and recombinant proteins
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REAGENT OR RESOURCE SOURCE IDENTIFIER
KPT-335 RayBiotech Cat#331-21369-1
NS1 protein Chatterjee et al., 2017 N/A
Lipofectamine 2000 transfection reagent Thermo Fisher Scientific Cat#11668019
Dulbecco’s modified Eagle’s medium (DMEM) Thermo Fisher Scientific Cat#11965
OptiMEM medium Thermo Fisher Scientific Cat#31985070

RPMI 1640 media
Trypsin-EDTA (0.05%)
Penicillin-streptomycin
F-12K medium
Poly(l:C)

EGS (ethylene glycol-bis(succinic acid N-hydroxysuccinimide ester

Formaldehyde
LysC

Trypsin

Glycine

PBS

GM-CSF

IL-4

GlutaMAX
2-mercapthoethanol
DMSO
Lymphoprep
Dynabeads Prot A ref 10002D

GIBCO

Thermo Fisher Scientific
Gen Clone
GIBCO
Invivogen
Thermo
Sigma-Aldrich
Wako Chemicals
Promega

Fisher Scientific
Sigma-Aldrich
R&D Systems
R&D Systems
GIBCO
Sigma-Aldrich

ThermoFisher Scientific

StemCell Technologies, Inc.

Thermo Fisher Scientific

Cat#224000-071
Cat#25300054
Cat#25-512
Cat#11330-032
Cat#TLVL-PICW
Cat#21565
Cat#252549-25ml
Cat#121-05063
Cat#V/5280
Cat#BP3811
Cat#D8537
Cat#415ML010
Cat#35050-061
Cat#35050-061
Cat#M3148
Cat#BP231100
Cat#7861
Dynabeads Prot A ref 10002D

DNA extraction kit (MinElute PCR) QIAGEN Cat. No. / ID: 28004
RNA extraction kit (RNAeasy Micro) QIAGEN Cat. No. / ID: 74004
Power SYBR Green PCR Master Mix Fisher Scientific Cat # 4367659
Critical commercial assays

Subcellular Protein Fractionation Kit Thermo Fisher Scientific Cat#78840
Nano-Glo system Promega Cat#N1110

Classical monocyte isolation kit

Miltenyi Biotec

Cat#130-117-337

Deposited data

RNA-seq data

ChIP-seq and RNA-seq data

https://www.ncbi.nlm.nih.gov/geo/
GSE99298

https://www.ncbi.nlm.nih.gov/geo/
GSE155152

Experimental models: Cell lines

Adenocarcinomic human alveolar basal epithelial (A549)

human embryonic kidney epithelial (293T)

ATCC
ATCC

Cat#CCL-185; RRID: CVCL
Cat#CRL-3216; RRID: CVCL_0063

Experimental models: Organisms/strains
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REAGENT OR RESOURCE SOURCE IDENTIFIER

human monocyte-derived dendritic cells (MDDCs) This paper N/A

human tracheobronchial epithelial cells (HTEC) This paper N/A

Oligonucleotides

IFIT B primers forward: GGTATGCCGACCTTGAGAGAG This paper N/A

IFIT B primers reverse: TTCCCACTAAGGGTCCTGTTC This paper N/A

IFIT C primers forward: TGATGCGTGCCCTACTCTC This paper N/A

IFIT C primers reverse: CTGTGTCTCTGCTGTTCCGA This paper N/A

IFIT D primers forward: GGCTGTTTCCTTATTGTTGCTCT This paper N/A

IFIT D primers reverse: AGCAGTCCTGGTTCTGTGAG This paper N/A

GAPDH primers forward: CGCAGAGCCTCGAGGAGAAG This paper N/A

GAPDH primers reverse: ACAGGAGGACTTTGGGAACGAC This paper N/A

Recombinant DNA

pCAGGS-3x HA-NS1 This paper N/A

pCAGGS-3x HA-NS1 (Y125A) This paper N/A

pCAGGS-FLAG-NS1 This paper N/A

pCAGGS-FLAG-NS1 (Y125A) This paper N/A

pCAGGS-FLAG-Keapl This paper N/A

pCAGGS-GFP-NS1 This paper N/A

pCAGGS-GFP-Keapl This paper N/A

pCAGGS-FLAG (empty) This paper N/A

pCDNA 3.1-NS1 This paper N/A

Strepll-HA NS1 This paper N/A

Flu-AV NS1 This paper N/A

MBP-His6-NS1 Chatterjee et al., 2017 N/A

ISRE luciferase reporter (pGL4.45) Promega Cat#E4141

minP reporter (pGL4.23) Promega Cat#E8411

Control luciferase reporter (p0NL1.1.TK) Promega Cat#N1501

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

ZEN imaging software ZEISS https://www.zeiss.com/microscopy/int/
products/microscope-software.html

Prism 8 GraphPad https://www.graphpad.com/scientific-
software/prism/

Adobe Illustrator Adobe https://www.adobe.com/products/
illustrator.html

MaxQuant version 1.3.0.5 MaxQuant https://www.maxquant.org/

The R-project for statistical computing R www.R-project.org

Bowtie2 v2.2.5

HOMER v4.10.1
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Langmead and Salzberg,
2012

Heinz et al., 2010

http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

http://homer.ucsd.edu/homer/
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bamCoverage utility

ChIPQC v1.14.0

ChIPSeeker R package

RTA V1.9

STAR v2.5.1a

Subread:featureCount v1.4.6-p5

Salmon v0.8.2

RSeQC v2.6.2

EdgeR R/Bioconductor package

Limma

voomWithQualityWeights

Heatmap2 R package
ggplot2 R package
Stats v3.4.1 R package
Genotify v1.2.1

Carroll et al., 2014

Yu et al., 2012, 2015

Ilumina

Dobin et al., 2013
Liao etal., 2014
Patro et al., 2017

Wang et al., 2012
Robinson et al., 2010

Ritchie et al., 2015

Luo et al., 2009

R
R
R
Andrews et al., 2018

https://deeptools.readthedocs.io/en/
develop/content/tools/bamCoverage.html

https://bioconductor.org/packages/
release/bioc/html/ChIPQC.html

https://bioconductor.org/packages/
release/bioc/html/ChlPseeker.html

https://support.illumina.com/
downloads.html

https://github.com/alexdobin/STAR
http://subread.sourceforge.net/

https://github.com/COMBINE-lab/
salmon

http://rseqc.sourceforge.net/

https://bioconductor.org/packages/
release/bioc/html/edgeR.html

https://bioconductor.org/packages/
release/bioc/html/limma.html

https://rdrr.io/bioc/limma/man/
voomWithQualityWeights.html

http://r.documentation.org/
http://r.documentation.org
http://r.documentation.org

https://github.com/j-andrews7/Genotify

Other

BALB/c mice

The Jackson Laboratory

https://www.jax.org
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