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ABSTRACT The NS1 protein of influenza A virus is a multifunctional virulence factor
that inhibits cellular processes to facilitate viral gene expression. While NS1 is known to
interact with RNA and proteins to execute these functions, the cellular RNAs that physi-
cally interact with NST have not been systematically identified. Here we reveal a NS1
protein-RNA interactome and show that NS1 primarily binds intronic sequences. Among
this subset of pre-mRNAs is the RIG-I pre-mRNA, which encodes the main cytoplasmic
antiviral sensor of influenza virus infection. This suggested that NS1 interferes with the
antiviral response at a posttranscriptional level by virtue of its RNA binding properties.
Indeed, we show that NS1 is necessary in the context of viral infection and sufficient
upon transfection to decrease the rate of RIG-l intron removal. This NS1 function re-
quires a functional RNA binding domain and is independent of the NS1 interaction with
the cleavage and polyadenylation specificity factor CPSF30. NS1 has been previously
shown to abrogate RIG-I-mediated antiviral immunity by inhibiting its protein function.
Our data further suggest that NS1 also posttranscriptionally alters RIG-I pre-mRNA pro-
cessing by binding to the RIG-I pre-mRNA.

IMPORTANCE A key virulence factor of influenza A virus is the NS1 protein, which
inhibits various cellular processes to facilitate viral gene expression. The NS1 protein

is localized in the nucleus and in the cytoplasm during infection. In the nucleus, NS1 .
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inhibits host antiviral gene expression at several levels. NS1 is synthesized early e ———
during influenza virus infection of the host cell, where it accumulates in both the
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cytoplasm and the nucleus. In the cytoplasm, NS1 prevents signaling through retinoic
acid-inducible gene | (RIG-I) (also known as DDX58), which results in inhibition of
interferon (IFN) induction (1). NS1 also activates phosphatidylinositol 3-kinase (PI3K) (2,
3) to prevent premature apoptosis during infection (4). Other cytoplasmic functions of
NS1 include inhibiting the activation of the antiviral proteins PKR (protein kinase RNA
activated) and OAS (2'-5'-oligoadenylate synthetase 1) as well as promoting viral mRNA
translation by interacting with translation factors (1). In the nucleus, NS1 binds con-
stituents of the host mRNA processing and nuclear export machineries, leading to
inhibition of these processes (5). To perform these tasks, NS1 interacts with the
cleavage and polyadenylation specificity factor (CPSF30/CPSF4), the nuclear poly(A)
binding protein (PABPN1) (also known as PABII) (6-8), chromatin remodelers such as
PAF1 (9), and constituents of the mRNA export machinery, including NXF1 (10). These
interactions likely occur in a sequential or coordinated manner as the host mRNAs are
being processed and then subsequently exported. While mRNA nuclear export inhibi-
tion affects cellular mRNAs, it does not impair nuclear export of viral mMRNAs (10). NS1
also inhibits cellular pre-mRNA splicing by interacting with U6atac snRNA (11) but
promotes splicing of the viral M mRNA segment and its nuclear export through host
nuclear speckles (12). Thus, through multiple processes, NS1 efficiently provides a
favorable cellular environment for influenza virus infection.

The multifunctionality of NS1 impairs the immune response to favor virus replication
(1). In fact, influenza virus lacking NS1 can properly replicate only in immunocompro-
mised hosts (13). The ability of NS1 to interact with RNA and various cellular proteins
is likely due to its structural plasticity, multiple intracellular locations (nucleus and
cytoplasm), and posttranslational modifications. NS1 can adopt diverse structures, from
homodimers to oligomers (14), with multiple spatial conformations (15), providing
enough protein surface diversity for binding multiple proteins and RNA. Several studies
have been conducted that elucidated the protein interactome of NS1 (16-21). However,
we still lack a clear understanding on the NS1-RNA interactome. To this end, we show
that NS1 interacts with specific subsets of cellular mRNAs during infection and that this
binding occurs primarily on introns, supporting a cotranscriptional association of NS1
with nascent host transcripts. Among the enriched immune-related transcripts is the
RIG-I pre-mRNA, whose processing appears to be inhibited by NS1. Our results suggest
that NS1 interacts directly with the RIG-I pre-mRNA to prevent its expression. In
combination with previous reports of NS1 inhibition of the RIG-I protein, our results
support that NS1T mounts a two-pronged attack on RIG-l, a key factor for interferon
expression and immunity.

RESULTS

Genome-wide identification of NS1 target RNAs during influenza virus infec-
tion. To globally identify the RNA targets of NS1 midway through infection, we
employed a formaldehyde crosslinking RNA immunoprecipitation (fRIP) procedure (Fig.
1A). NS1 has been suggested to bind to RNAs not only by virtue of its RNA binding
domain but also indirectly through its associations with other proteins (1, 22). There-
fore, we first employed formaldehyde crosslinking over UV crosslinking, as the latter
requires direct RNA-protein interactions. Six hours following infection of A549 cells with
influenza A/WSN/33 (H1N1) (WSN) virus, we added formaldehyde to covalently link
RNA-protein complexes. NS1-bound mRNAs were purified with an anti-NS1 antibody
(Fig. 1B), and PIPE-CLIP analysis (23) was conducted to identify NS1-associated tran-
scripts (Fig. 1C see also Table S1 in the supplemental material). We defined the
NS1-associated RNAs to be those transcripts that satisfied three criteria: (i) they were
>2-fold enriched relative to IgG controls in infected cells, (ii) they were >2-fold
enriched relative to anti-NS1 RIP in uninfected cells, and (iii) they passed these
thresholds in two independent biological replicates.

Using these cutoffs, we identified 607 NS1-bound RNAs (Fig. 2A), among which are
538 (pre-)mRNAs. Only 3% of the upregulated RNAs at 6 h postinfection (hpi), com-
pared to uninfected cells, were NS1 bound, as measured by microarray analysis (Table
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FIG 1 fRIP-seq protocol. (A) Schematic diagram of the fRIP-seq protocol. Details are given in Results and
in Materials and Methods. (B) Immunoprecipitation followed by Western blot validation of the anti-NS1
antibody immunoprecipitations of NS1 under fRIP conditions. (C) Pipeline for bioinformatic analysis. See
Materials and Methods for details. AB, antibody; RBPs, RNA-binding proteins.

S2). The upregulated NS1-bound RNAs represented 8% of the 538 NS1-bound mRNAs.
Therefore, NS1 binding does not correlate with mRNAs whose steady-state levels are
increased at 6 h postinfection. Gene set enrichment analysis (GSEA) showed an enrich-
ment of immune-related transcripts in the NS1-bound data set, including RIG-I1 (197/607
genes) (Fig. 2A and B and Table S1). We observed multiple enriched peaks across the
RIG-I RNA (Fig. 2C, red bars) but not over negative-control samples (Fig. 2D, Infected +
IgG Ip and Uninfected + Anti-NS1 Ip) or negative-control genes (e.g., TMEM170B) (Fig.
2D). Interestingly, peaks were primarily in the introns, and this intronic pattern of NS1
binding was not unique to RIG-I. In fact, ~86% of the NS1 binding sites were observed
in introns (2,807/3,279 peaks) (Fig. 2E). This observation suggests that NS1 interacts
with pre-mRNAs, consistent with previous reports showing NS1 effects on splicing (11,
24, 25). Given that most splicing occurs cotranscriptionally (26), these data further
suggest that NS1 interacts with nascent transcripts. Moreover, the lower abundance of
introns than of exons in total RNA supports that the identified RNAs result from bona
fide interactions and are not simply due to artifactual overrepresentation of abundant
RNAs. The number of peaks identified was considerably higher than the number of
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FIG 2 NS1 associates with introns of pre-mRNAs. (A) Pie chart showing the distribution of NS1-associated RNAs that are classified as interferon (IFN) regulated
or as immune related by the Interferome and ImmPort databases. (B) GSEA enrichment categories for NS1-associated RNAs. (C) Sequence traces of peaks across
the RIG-I (DDX58) gene. The middle and bottom traces are the infected IgG RIP and uninfected anti-NS1 RIP negative controls. (D) Traces as in panel C except
for the expressed but noninteracting RNA TMEM170B. (E) Gene segment annotations for the identified NS1-associated RNA peaks. TSS, transcription start site.
TTS, transcription termination site. (F) Number (and percentage) of peaks representing NS1 binding sites per RNA identified.

genes (3,279 compared to 607), indicating that most genes had multiple NS1 peaks. In
fact, only ~12% of the genes that were identified contained a single NS1 peak, and
nearly 40% had four or more peaks (Fig. 2F). We further searched for enriched motifs
in the NS1-bound regions, but no clear consensus sequence was identified, although
the identified regions contain predicted sites for specific RNPs, some of which are
regulated by IFN and/or involved in immunity (Fig. 3). Taken together, these data
suggest that NS1 binds cotranscriptionally to specific host pre-mRNAs during influenza
virus infection.

NS1 directly binds to RNA targets. We next validated the specificity of NS1
binding to RIG-I and of additional transcripts using fRIP and reverse transcription-
quantitative PCR (RT-gPCR). Consistent with the global analyses, we observed binding
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Motif enrichment analysis of 3,279 RNA regions bound to NS1
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FIG 3 Motif analysis of NS1-immunoprecipitated RNAs. NS1 interaction peaks were assessed for enriched
motifs using MEME-SUITE. Known RNA binding proteins that bind similar motifs are also listed (CISBP-
RNA database). A subset of these RNA binding proteins is either IFN regulated (yellow) or listed in the
ImmPort database (gray).

over the background for the RIG-I 3’ untranslated region (UTR) and intron 10 but to a
lesser extent to intron 13 (Fig. 4A and B). In addition, association with a number of
additional RNAs was verified, while negative-control RNAs not identified in our global
analysis (ABCC11, ADH7, and TMEM170B) were not immunoprecipitated (Fig. 4C and D).
This corroborates the association of NS1 with specific cellular RNAs observed in our
fRIP-seq (fRIP and transcriptome sequencing [RNA-seq]) experiments. Next, we used a
UV-crosslinking scheme to test potential direct interactions between NS1 and some of
its RNA targets. Unlike formaldehyde crosslinking, UV will crosslink only direct RNA-
protein interactions. Moreover, because live cells are exposed to UV, the observation of
a UV-dependent interaction demonstrates that the RNA-protein interaction occurs in
living cells and does not result from binding in extracts after lysis (27). Indeed, we
observed enrichment of RIG-I, OAS2, and IGF2BP2 RNAs over IgG and uncrosslinked
controls (Fig. 4E and F). Therefore, we conclude that NS1 binds directly to these
transcripts in influenza virus-infected cells.

Regulatory impact of NS1 on its mRNA targets. To assess the effects of NS1 on
the levels of its bound RNAs, we compared expression profiles of A549 cells infected for
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FIG 4 Validation and direct binding of NS1 to RNAs. (A) Formaldehyde RIP and RT-qPCR were performed with NS1
or IgG control antibody. Because the RNA is sheared prior to RIP, the indicated regions of RIG-I can be
independently assessed. Data are mean values = standard deviations (SD) (n = 3). (B) Bar graph showing relative
input levels for the RIG-I 3" UTR and RIG-I introns 10 and 13 in panel A. (C) Validation by RT-qPCR of the indicated
targets identified by fRIP-seq. ABCC11, TMEM170B, and ADH7 were not identified in our fRIP-seq analyses and serve
as negative controls. Data are mean values = SD (n = 3). (D) Bar graph showing relative input levels for the various
RNAs depicted in panel C. (E) UV-crosslinking immunoprecipitation results for the indicated genes. TMEM170B is
a negative-control transcript, and no-UV and IgG immunoprecipitations are negative-control samples. (F) Bar
graphs showing relative input levels for the RNAs depicted in panel E. All lysates for which RIP was performed with
NS1 or IgG antibody were derived from cells infected with influenza virus (WSN). Data are mean values * SD (n =
3) (ND, not detected). In all panels, data were analyzed for statistically significant differences using unpaired,
two-tailed Student’s t test, and significance is annotated (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

10 h with wild-type and NS1-deleted mutant WSN (WSNANS1) viruses. Among NS1-
bound RNAs, 22% (131/607) showed differential expression between WSN and
WSNANS1 infection (Fig. 5A and F; see also Table S3 in the supplemental material).
Moreover, 40% (53/131) of these differentially expressed genes are immune or inter-
feron regulated (Fig. 5A and F, yellow). Notably, among NS1-bound RNAs that were
differentially expressed, the majority (~60%) was upregulated upon NS1 deletion.
Among the immune/interferon-regulated genes, 72% (38/53) were upregulated, in
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nontargeting scrambled (SCR) control followed by RT-qPCR to quantify levels of the depicted mRNAs. (F) Venn diagram showing the portions of
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agreement with previous findings and with the known function of NS1 as a suppressor
of immune-related genes (1).

We have also employed a complementary approach to confirm the effect of NS1 on
the expression of several important immune regulators: RIG-l, OAS2, ISG20, and
MAP3K8. We generated A549 cells that constitutively express one of two short hairpin
RNAs (shRNAs) against NS1 (shNS1-1 or shNS1-2) or a scrambled control (shSCR) and
infected them with WSN (Fig. 5B to E). As expected, we observed enhanced expression
of these antiviral genes upon viral infection (comparing mock infection to shSCR). NS1
knockdown with either NS1 shRNA led to elevated levels of each of these transcripts
compared to the scrambled controls. We then examined the protein levels of two of
these genes, OAS2 and RIG-I, and observed similar effects (Fig. 5G and H). With the
results presented above, these observations are consistent with NS1 binding to antiviral
pre-mRNAs resulting in inhibition of expression. However, as NS1 is also able to inhibit
transcriptional activation of innate immune genes (1, 28), the relative contributions of
NS1 to transcriptional versus posttranscriptional inhibition of host protein levels are not
clear.

NS1 alters RIG-l processing. We next focused on the functional consequences of
NS1 binding to the RIG-I pre-mRNA. We chose to focus on RIG-I as a representative NS1
target because of its central importance to immunity during influenza virus infection.
Given that NS1 binds introns, we hypothesized that NS1 cotranscriptionally associates
with RNAs to affect the earliest stages of RNA biosynthesis. Initially, we examined
steady-state RIG-1 RNA levels using seven RT-PCR primer sets specific for spliced and
unspliced RIG-I RNAs (Fig. 6A, top). Comparison of the steady-state levels of these RNAs
in WSNANST-infected cells to those in WSN-infected cells (6 hpi) showed that levels of
both the spliced and unspliced RNAs increased from ~6- to 13-fold in the WSNANS1
strains (Fig. 6A and B). Similar results were observed for OAS2, although the magnitude
of the increase was only ~2-fold (Fig. 6C and D). The similarities in upregulations of
both spliced and intron-containing RNAs strongly support previous reports that NS1
blunts the activation of immune signaling pathways. That is, in the WSN strain,
transcriptional activation of the RIG-I and OAS2 genes is repressed, whereas the
WSNANST strain loses this innate immune inactivation (1, 28).

While transcription of innate immune genes is blunted in the presence of NS1,
some transcripts are still synthesized, as evidenced by the association of NS1 with
intronic sequences in RIG-I pre-mRNA (Fig. 2C). Assessment of our hypothesized
posttranscriptional effects of NS1 on RNA processing are confounded by the higher
steady-state levels of MRNA than of pre-mRNA and by the differences in transcrip-
tion in the presence and absence of NS1 (Fig. 6A to D). To experimentally separate
these activities, we performed a transcription inhibition assay to assess the rates of
disappearance of RIG-I introns and spliced exons. Six hours after infection with WSN
or WSNANS1, we added flavopiridol, an RNA polymerase Il transcription inhibitor,
and we monitored RIG-1 transcript levels over time (Fig. 6E). As expected, we
observed no statistically significant differences in the rates of decay of the spliced
RIG-I mRNAs (Fig. 6F). In contrast, we observed a higher rate of disappearance of the
unspliced introns in the WSNANST strain than in the WSN strain (Fig. 6G and H). We
emphasize that these introns of RIG-I are present at higher levels in the WSNANS1
strain (Fig. 6A and B), yet they disappear more quickly. In contrast, we observed no
such differences with TMEM170B (Fig. 6l and J), which does not associate with NS1
(Fig. 2D and Fig. 4C and E).

NS1 deletion will have far-reaching effects on the virus, so we next performed the
flavopiridol experiments on a mutant strain containing two point mutations in NS1
(R38A/K41A) that abrogate its ability to bind RNA (29). The RNA binding mutant
mirrored NS1 deletion on RIG-l intron disappearance rates (Fig. 7A to C) and, as
expected, had no effect on TMEM170B (Fig. 7D and E). Thus, RNA binding is necessary
for the apparent effects of NS1 on RIG-l intron processing.
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FIG 6 NS1 deletion alters RIG-I intron processing in infected cells. (A, top) Gene diagram and placement of RT-gPCR amplicons
across the RIG-I gene. (Bottom) Steady-state analysis of RIG-I spliced and intronic regions at 6 hpi. All values were first
normalized to the value for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Data are means = SD (n = 3). (B) The ANS1
steady-state values from panel A are presented relative to the WSN values, which were set to 1 for each amplicon in each
replicate. Data are means = SD (n = 3). (C) Same as panel A except that OAS2 was examined. (D) Same as panel B except that
OAS2 was examined. (E) Time course of flavopiridol experiments. (F) Decay curves for RIG-I spliced exons 2 and 3 (amplicon
A from panel A) and spliced exons 12 and 13 (amplicon F) in WSN or WSNANS1 infection, as indicated. (G) Rates of
disappearance of RIG-I intron 2 (amplicon C) in WSN or WSNANS1 infection, as indicated. (H) Same as panel G except that
intron 12 (amplicon G) was assessed. (I, top) Gene diagram and placement of RT-qPCR amplicons across the TMEM170B gene,
as a negative control. (Bottom) Rates of disappearance of spliced TMEM170B (amplicon A) in the WSN or WSNANS1 strain. (J)
Rates of disappearance of TMEM170B intron 2 (amplicon B) in the WSN or WSNANS1 strain. In panels F through J, all time
points were analyzed for statistically significant differences using unpaired, two-tailed Student’s t test, and significance is
annotated (¥, P < 0.05; **, P < 0.01).
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FIG 7 NS1 RNA binding is necessary for its effects on RIG-I processing, but CPSF30 interaction is not. (A to E) WSN and NS1 RNA binding
mutant (R38A/K41A) strains were compared in a flavopiridol transcription shutoff analysis. See Fig. 6E to J for details. Data are means =
SD (n = 3). (F to J) Same as for panels A to E except that we used the Cal/09 strain (black lines) and compared it to Cal/09 encoding the
NS1 mutant (R108K/E125D/G189D) (“Mut,” orange lines) that restores NS1 binding to CPSF30. In all panels, time points were analyzed for
statistically significant differences using unpaired, two-tailed Student’s t test, and significance is annotated (*, P < 0.05; **, P < 0.01; ***,

P < 0.001).

NS1 inhibits 3’-end formation (6-8), which is linked to splicing. Therefore, it is
reasonable to propose that the effects of NS1 on splicing result from its inhibition of
3’-end formation. Therefore, we tested the influenza A/California/2009 (A/Cal/09) virus
strain, which expresses NS1 that lacks the ability to bind CPSF30 and to inhibit
polyadenylation (30). We compared this to an influenza A/Cal/09 virus mutant strain
that expresses an NS1 triple mutant protein (R108K/E125D/G189D) that restores CPSF30
binding (30). Similar to WSN, wild-type Cal/09 displayed a delayed disappearance of
introns, and restoration of CPSF30 binding did not further decrease the rate of intron
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FIG 8 NS1 is sufficient to inhibit RIG-I pre-mRNA processing. (A and B) UV-crosslinking immunoprecipitation with anti-NS1 antibody was
performed in HEK293T cells transfected with the vector or plasmids encoding the various depicted NS1 proteins. Vector and non-UV-
treated NS1 (WSN) RIPs are negative controls. RIG-I intron 10 or spliced exons 2 and 3 were detected by RT-gPCR. Data are mean values *=
SD (n = 3). (C) Western blot of HEK293T cell lysates expressing the various depicted NS1 proteins. (D) Rates of disappearance of RIG-I intron
2 in HEK293T cells transfected with plasmids encoding the various depicted NS1 proteins after flavopiridol treatment. Intron 2 was
detected by RT-qPCR as described in the legend of Fig. 6. Data are mean values * SD (n = 3). Data were analyzed for statistically significant
differences using unpaired, two-tailed Student’s t test, and significance is annotated (*, P < 0.05; **, P < 0.01). (E) Western blots performed
as described above for panel C except that IFN-B was added, as indicated, and RIG-I was detected. Blots containing samples not treated
with IFN were overexposed, compared to IFN-treated cells, to allow clear detection of RIG-I protein levels.

loss (Fig. 7F to H). In fact, restoration of CPSF30 binding showed a slightly faster
intron disappearance, which may explain, at least in part, the slight attenuation of
this mutant virus with restored CPSF30 inhibition in vivo (30). Once again, none of
these NS1 variants affected the negative-control pre-mRNA TMEM170B (Fig. 7| and
J). These results strongly suggest that the effect of NS1 on RIG-I intron disappear-
ance is independent of its ability to bind CPSF30.

To determine whether NS1 is sufficient to bind and inhibit intron processing of
RIG-I mRNA, we transfected NS1 from WSN into HEK293T cells and performed UV
crosslinking followed by RIP. Similar to infected cells, we show that NS1 alone binds
to an intronic region of RIG-I pre-mRNA (Fig. 8A), as opposed to exons (Fig. 8B). In
contrast, when an RNA binding-defective NS1 protein was expressed (NS1 R38A/
K41A) (29), binding to the RIG-I intron was lost. In addition, we expressed NS1 from
the Cal09 strain, which does not interact with CPSF30, and an NS1 mutant (R108K/
E125D/G189D) that is known to restore CPSF30 binding (30). This NST mutant is
expressed at low levels compared to wild-type Cal09 NS1 (Fig. 8C) (30). However, we
found that both wild-type Cal09 NS1 and the mutant that restored CPSF30 binding
interact with the RIG-I intronic region. Thus, we show that the RNA binding activity
of NS1 is required for NS1 binding to the RIG-I intronic region, while CPSF30 does
not appear to be necessary for this interaction. Low levels of NS1 expression, as
shown in the case of the mutant Cal 09 NS1 protein that acquired the CPSF30
binding compared to the other NS1s expressed in parallel, was sufficient to bind the
RIG-I intronic region (Fig. 8A and Q).

We then performed a transcription inhibition assay, as shown in Fig. 6, to assess the
rates of disappearance of RIG-I intron 2 in the presence of NS1 proteins from the
different strains (Fig. 8D). Wild-type NS1 from the WSN or Cal/09 strain and the Cal/09
mutant, which restored CPSF30 binding, showed similar disappearance rates (Fig. 8D).
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On the other hand, the RNA binding-defective NS1 protein showed accelerated intron
disappearance, as in control cells (Fig. 8D). These results are similar to those for cells
infected with the corresponding viruses and support the conclusion that NS1 proteins
from different strains have the ability to prevent RIG-I pre-mRNA processing. In addi-
tion, these observed NS1 effects at the pre-mRNA level reflected similarly on the levels
of RIG-I protein in either the absence or presence of IFN-B, which mimics infection
conditions (Fig. 8E). Our results therefore suggest that in addition to affecting the RIG-I
pathway by blocking its signaling function (1), NS1 inhibits the maturation of RIG-I
pre-mRNA in the nucleus.

DISCUSSION

RNA viruses, such as influenza viruses, enter the cell’s cytoplasm, where their
genomic RNA is recognized by RIG-I, triggering its activation (31-33). RIG-I is
K63-linked polyubiquitinated by TRIM25 (34) and RIPLET (35) and can also bind free
K63 polyubiquitin. Subsequently, RIG-I interacts with the mitochondrial antiviral
signaling protein (MAVS) and then activates NF-«B and IRF3, resulting in transcrip-
tion activation of antiviral genes, among which is interferon (36, 37). This process
is disrupted by NS1, which binds RIG-I and TRIM25 to inhibit signaling and inter-
feron expression (34, 38). Recently, studies using bimolecular fluorescence comple-
mentation and superresolution microscopy indicated that NS1 forms a complex
with RIG-I and TRIM25, which likely prevents the formation of the RIG-MAVS
complex and signaling (39). Thus, NS1 inhibition of the RIG-I pathway is critical for
impairing the innate immune response, and it provides an optimal environment for
influenza virus replication.

We propose that in addition to its cytoplasmic role in the RIG-I pathway, NS1 acts in
the nucleus to block RIG-I expression. NS1 binds the RIG-I pre-mRNA at intronic regions
and at the 3’ UTR, and its presence decreases the rate of RIG-I intron loss. While the
inhibitory function of RIG-I signaling by cytoplasmic NS1 results in transcription down-
regulation of immune-related genes, this inhibition is not complete. Therefore, the
pre-mRNAs that are still synthesized can be bound by NS1, and their processing is
inhibited. Consequently, RIG-I mRNA and protein expressions are dampened, which
would further prevent interferon expression. These mechanisms point to a remarkable
versatility and efficiency of the NS1 protein, which functions in the nucleus and in the
cytoplasm to robustly inhibit interferon production and immunity by targeting both
RIG-I protein function and RIG-I mRNA expression.

NS1 targets not only the RIG-I mRNA but also a subset of mRNAs that encode
immune and/or antiviral factors. Most of the binding sites occurred in intronic
sequences, and multiple binding sites were observed in a single pre-mRNA. At
present, we do not know how specificity for binding to some mRNAs and not to
others is achieved by NS1. Interestingly, among the pre-mRNAs bound by NS1 is
OAS2, which is one of the OAS proteins that are 2’,5'-oligoadenylate (2-5A)
synthases of the (OAS-)RNase L antiviral system and are interferon induced (40).
OAS proteins are pattern recognition receptors for viral double-stranded RNA
(dsRNA). This interaction activates OAS, which synthesizes 2-5A, which in turn
activates RNase L to cleave viral and cellular single-stranded RNAs (ssRNAs). These
effects result in inhibition of virus replication. The mRNA from the RNase 1SG20,
which targets single-stranded RNA, also interacts with NS1. ISG20 is induced by
interferon, and its antiviral function is related to its exonuclease activity (41).
Another mRNA bound by NS1 encodes the chemokine CCL5 (RANTES), which
recruits leukocytes to sites of inflammation and maintains CD8 T cell responses
during chronic viral infection (42). CXCL2 is another chemokine whose mRNA is
targeted by NS1, and it appears to have a role in the inflammatory response during
virus infection (43). Other immune-related and interferon-regulated pre-mRNAs are
also bound and downregulated by NS1, suggesting that this subset of pre-mRNAs
is suppressed at the processing level to ensure a powerful inhibition of immunity.
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MATERIALS AND METHODS

Cell lines, viruses, reagents, plasmids, and antibodies. A549 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS)
and antibiotics. Where indicated, flavopiridol was added to the medium at 1 wM. HEK293T cells (ATCC)
and IFN (catalog number 10704-HNAS; Sino Biological) were used for Fig. 8. Influenza virus A/WSN/33
(H1N1) strains were used. Influenza virus WSNANS1 was generated as previously described (44). WSN(NS1
R38A/K41A) was generated as reported previously (29). The Cal/09 wild-type strain and the Cal09(NS1
R108K/E125D/G189D) mutant strain were generated as previously described (30). The corresponding NS1
proteins from these viruses were cloned into the pCAGGS vector as reported previously (29, 30). The
following antibodies were used for immunoblot analysis: DDX58 or RIG-I (catalog number 20566-1-AP;
Proteintech), OAS2 (catalog number 19279-1-AP; Proteintech), actin (Sigma), and NS1 (a gift from J. A.
Richt, National Animal Disease Center, IA) antibodies.

Transfection and Western blotting. As shown in Fig. 8, HEK293T cells were transfected with the
indicated plasmids using polyetherimide (Sigma-Aldrich). After 24 h, cells were treated with IFN-3
(500 U/ml) for 6 h, and cell lysates were subjected to Western blotting, as previously described (45).

Formaldehyde RNA immunoprecipitation and RNA-seq. Transcripts associated with NS1 were
isolated as described previously (46). Briefly, A549 cells were infected with influenza virus A/WSN/33 at
a multiplicity of infection (MOI) of 5. After 6 h of infection, cells were treated with 0.5% formaldehyde for
10 min at room temperature and quenched with 2.5 M glycine (pH 7.0) for 5 min at room temperature.
Cells were lysed with RIP assay (RIPA) buffer (1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS,
150 mM sodium chloride, 50 mM Tris-Cl [pH 8.0], 2 mM EDTA) and sonicated. A total of 1% was saved
(input), and immunoprecipitation was performed with anti-NS1 antibody or rabbit IgG overnight. After
five washes (twice with RIPA buffer, twice with RIPA buffer-1 M urea, and once with RIPA buffer),
crosslinks were reversed with reverse buffer (10 mM Tris-HCI [pH 6.8], 5 mM EDTA, 10 mM dithiothreitol
[DTT], 1.0% SDS), and samples were treated with proteinase K at 42°C for 1 h and at 65°C for 1.5 h. RNA
was harvested in TRIzol (Invitrogen), transcribed into cDNA, and analyzed by qPCR. The recovery
efficiency (percentage of the input) of the RNA-IP was calculated as 2¢7 sample — CT input and the ratio of
the recovery efficiency of NS1-IP to that of IgG-IP is shown as fold enrichment.

WSN infection and microarray. A549 cells were infected with A/WSN/1933 at an MOI of 5 for 6 h
or 10h. Total RNA was isolated with TRIzol and probed for gene expression using Illumina Human
BeadChip 22k according to the manufacturer’s instructions.

Establishment of shRNA-expressing stable cell lines. shRNA-expressing plasmids were con-
structed in the pLKO vector (47). Lentiviruses expressing shRNA were produced by polyethylenimine
(PEl)-mediated, three-plasmid transfection of HEK293T cells. Briefly, HEK293T cells (2.4 X 107 cells) were
transfected with 12 ug pLKO-shRNA, 7.5 ug pspAX2, and 4.5 ug pMD2.0G and cultured for 48 h. Viral
supernatants were harvested and filtered through a 0.45-um filter. A549 cells were transduced by
lentivirus in the presence of 8 ng/ml Polybrene; 1 wg/ml puromycin was added at 24 h posttransduction.
shRNA sequences were GTTCGAGTCTCTGAAACTCTA (shNS1-1), GTCTCTGAAACTCTACAGAGA (shNS1-2),
and CAACAAGATGAAGAGCACCAA (shSCR).

Quantitative PCR. Total RNA was isolated from A549 cells with TRIzol (Invitrogen) and reverse
transcribed into cDNA by using an iScript cDNA synthesis kit (Bio-Rad). cDNA was diluted with water at
a ratio of 1:10, and 2.5 ul of the cDNA mixture was subject to gPCR with SYBR green | master mix and
the LightCycler 480 system (Roche). Alternatively, cDNAs were generated by conventional techniques
using Superscript Il RT (Thermo-Fisher). Random hexamers were used for the majority of experiments to
ensure detection of pre-mRNAs, nascent RNAs, and mature mRNAs. However, dT was used for cDNA
synthesis in the experiments shown in Fig. 5B to E. Primers are listed in Table 1.

UV crosslinking and RNA-protein interaction. RNAs associated with NS1 during infection or
during transfection of NS1 were isolated as described previously (48). Briefly, A549 cells were infected
with A/WSN/33 at an MOI of 5. At 6 hpi, cells were crosslinked with UV at 250 mJ/cm? and lysed with SDS
lysis buffer (0.5% SDS, 50 mM Tris-Cl [pH 6.8], 1 mM EDTA, 1mM DTT, 2.5 mg/ml cRNA, 10 mM
ribonucleoside-vanadyl complexes [VRC]). Immunoprecipitation was performed with anti-NS1 antibody
or rabbit I1gG. After a wash with RIPA buffer (1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS,
150 mM NaCl, 50 mM Tris-Cl [pH 8.0], 2 mM EDTA), associated RNA was treated with proteinase K at 37°C
overnight and isolated with phenol-chloroform-isoamyl alcohol. RNA was transcribed into ¢cDNA and
analyzed by gPCR. For transfection experiments shown in Fig. 8, HEK293T cells were transfected with the
indicated plasmids encoding the various NS1 proteins for 24 h. UV-RIP followed by RT-qPCR was
performed as described above. The recovery efficiency (percentage of the input) of the RNA-IP was
calculated as 2€7 sample — CT input X 105,

RNA-seq data processing and peak calling. The RNA-seq data were tested for quality using FastQC
(49). The sequence data were aligned to the human genome using Bowtie (50). PCR duplicates of the
RNA-seq reads were removed. The differential peak calling of reads from experimental samples was
compared to that of controls using modified PIPE-CLIP (23), using default cutoffs. Differential peaks were
selected, and the corresponding genes are listed as hits.

RNA binding motifs were identified using the MEME-SUITE (51) motif discovery package with default
search parameters. An enrichment cutoff P value of <0.01 was used to identify significant motifs.
Identified motifs were then compared to previously documented RNA-binding protein (RBP) binding
regions (52) and further annotated using the CISBP-RNA database (52).

Gene set enrichment analysis. GSEA was performed by using the Canonical Pathways of Molecular
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TABLE 1 Primers used in this study

Gene (location and/or direction)

Primer sequence (5'—3’)

PCNP (F)

PCNP (R)

AZU1 (F)

AZU1 (R)
IGF2BP2 (F)
IGF2BP2 (R)
AFF4 (F)

AFF4 (R)

KRT8 (F)

KRT8 (R)
AMIGO?2 (F)
AMIGO2 (R)
CCL5 (F)

CCL5 (R)
ABCC11 (F)
ABCC11 (R)
ADH7 (F)

ADH7 (R)

1SG20 (F)

1SG20 (R)
MAP3K8 (F)
MAP3K8 (R)
TMEM170B (F)
TMEM170B (R)
RIG-I (3" UTR; F)
RIG-I (3" UTR; R)
RIG-I (exons 14 and 15; F)

(
(
RIG-I (exons 14 and 15; R)
RIG-I (intron 10; F)
RIG-I (intron 10; R)
RIG-I (intron 13; F)
RIG-I (intron 13; R)

OAS2 (exons 2 and 3; F)
OAS2 (exons 2 and 3; R)
RIG-I (exons 2 and 3; F)
RIG-I (exons 2 and 3; R)

RIG-I (exon 2-intron 2; F)
RIG-I (exon 2-intron 2; R)
RIG-I (intron 2-exon 3; F)
RIG-I (intron 2-exon 3; R)
RIG-I (exons 7 and 8; F)

RIG-I (exons 7 and 8; R)

RIG-I (intron 7; F)

RIG-I (intron 7; R)

RIG-I (exons 12 and 13; F)
RIG-I (exons 12 and 13; R)
RIG-I (intron 12; F)

RIG-I (intron 12; R)

OAS2 (intron 2; F)

OAS2 (intron 2; R)

OAS2 (exons 7 and 8; F)
OAS2 (exons 7 and 8; R)
OAS2 (intron 7; F)

OAS2 (intron 7; R)
TMEM170B (exons 2 and 3; F)
TMEM170B (exons 2 and 3; R)
TMEM170B (intron 2; F)
TMEM170B (intron 2; R)

CTGTGGGAGCGAAATATAAAATCTC
CGGCTCCAAAGATAGTCTTATACC
CAACGTGACTGTGACCCC
CAGGGAAAAGGAGGCCAC
CATCCATGCCACCCCAG
CTTTTCCAATCAGTCTTCCAACC
CAGGAGATGGTTCGGGC
AGGAGAGCTAGGTGGGAAG
ACATCAACAACCTTAGGCGG
CGTTCTCCATCTCTGTACGC
TGAAGAGGCAACACAGAGC
TGTACACGTAACGACATTATGGTC
TTCTACACCAGTGGCAAGTG
GTTCAGGTTCAAGGACTCTCC
GAGTCGCTTAGATGAGAACACC
AACCTCAGCATCACCAGAAG
CTCTACCAAACCCATCAGTGAG
AACTCCTACAACCACGCTG
GTCACCCCTCAGCACATG
AGATTGTGTAGCCGCTCATG
AGAAAAGAATGGCGTGTAAACTG
AAGAGATGGACAGTTTCACCC
ACGATTATGTACTGCACCCAC
CACCGCAATTCCTCTTTCTG
ACCTTCTATTTGACCTCTGCG
TTGGAAGGGATCAGCAAAGAG
TGGCATATTGACTGGACGTG
AGCTCTCGATAGATCCAGGG
GTAGGGAGAACAGTTTGGAGG
GAGGTGGGAGGAGTAAGAAAATAG
AGGAATTCAAGACCAGCCTG
CTCCCAGGTTCAAGCAATTC
GAGATCCAGAAGTCCCTTGATG
AGCTCTCGATAGATCCAGGG
TCTCAAGTTCCTGTTGGAGC
AATCCCAACTTTCAATGGCTTC
CTGGTTCCGTGGCTTTTTGG
ACAGTATTGTCAAGCAGCAAAGT
TGACAATTGGGGGTAATTTACAGAT
TCCCAACTTTCAATGGCTTCAT
CACAAGGACAAAAGGGGAAAG
TGGGACATTCTCAGCTGTTG
TGCCCTTCTATGGGGAGTAA
CCTTAGCACAGAGCCTGACA
AGCAGGATTCGATGAGATTGAG
AGCAGAGGTCTTCAAGTTTAGG
ATGCTTTTGGTGGTTTTTGC
TCACTGGCAAACGAGTGAAG
AGTCCTGCCAGTTCTGCCTA
TGTGCATGGAAAGAGAGCAC
AGTCCTCAACGAAAGTGTCAG
GGAGGTCCGAGGATTTATACAG
ATGGTGGACAGAAGGTGGAG
CCCATGCTTGGAAAAGAGAA
AGTGTTGATGTTTGTGATGCTG
CTACTCTGTAAATGCCCGCTAC
GCCGGCCATGGAAAACAAAT
TTGGGGATCGAGCAGTGATG

aF, forward; R, reverse.

Signatures Database (MSigDB) of the Broad Institute (53). Enriched gene sets (pathways) were sorted

based on the false discovery rate (FDR) values.

Interferon-regulated genes and immune-related genes. The databases for interferon-regulated
genes and immune-related genes were obtained from the Interferome (http://www.interferome.org/)
(54) and ImmpPort (http://www.immport.org/) databases, respectively.
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