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In brief

Virus recognition triggers antiviral innate
immunity. Hage et al. identify the RNA
helicase DHX16 as a pattern recognition
receptor. DHX16 recognizes splicing
signals contained in influenza A vRNA
leading to efficient RIG-I-mediated
antiviral responses, which are regulated
by TRIM6 and unanchored polyubiquitin.
DHX16 senses infection by other viruses
including SARS-CoV-2.
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SUMMARY

Type |l interferons (IFN-I) are essential to establish antiviral innate immunity. Unanchored (or free) polyubiqui-
tin (poly-Ub) has been shown to regulate IFN-I responses. However, few unanchored poly-Ub interactors are
known. To identify factors regulated by unanchored poly-Ub in a physiological setting, we developed an
approach to isolate unanchored poly-Ub from lung tissue. We identified the RNA helicase DHX16 as a poten-
tial pattern recognition receptor (PRR). Silencing of DHX16 in cells and in vivo diminished IFN-I responses
against influenza virus. These effects extended to members of other virus families, including Zika and
SARS-CoV-2. DHX16-dependent IFN-I production requires RIG-I and unanchored K48-poly-Ub synthesized
by the E3-Ub ligase TRIM6. DHX16 recognizes a signal in influenza RNA segments that undergo splicing and
requires its RNA helicase motif for direct, high-affinity interactions with specific viral RNAs. Our study estab-
lishes DHX16 as a PRR that partners with RIG-I for optimal activation of antiviral immunity requiring unan-
chored poly-Ub.

INTRODUCTION

The innate immune system is the first line of defense against
invading microbes. It relies on the identification of pathogen-
associated molecular patterns (PAMPs) via host sensors known
as pattern recognition receptors (PRRs). Diverse PRRs amplify
innate immune signaling in response to specific stimuli. The
RIG-I-like receptor (RLR) family of PRRs containing RIG-I,
MDAS, and LGP2 is central for recognition of viral RNA (vRNA)
(Loo and Gale, 2011). Upon virus infection, RIG-I recognizes

Gheck for
Updates

short, double-stranded RNA (dsRNA) with a 5'-triphosphate
(Hornung et al., 2006; Schlee et al., 2009) allowing for a confor-
mational change, releasing its two caspase activation and
recruitment domains (CARDs) to enable downstream signaling
via the adaptor protein MAVS (Chow et al., 2018; Liu and
Gack, 2020; Loo and Gale, 2011). Ubiquitination of the RIG-I
CARDs is indispensable for its activation and was originally
tied to an E3-Ub ligase from the tripartite motif (TRIM) family
called TRIM25 (Gack et al., 2007). Additional factors activated
downstream of MAVS include the IKK-related kinases (TBK1
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Figure 1. DHX16 interacts with unanchored poly-Ub chains

(A) Unanchored Ub enrichment from murine lung tissue.
(B) DEAH-box RNA helicases identified from murine lungs as unanchored Ub-interacting factors (MS).

(C) Unanchored Ub enrichment utilizing GST-UBD-IsoT.
(D) Interaction between GST-UBD-IsoT and recombinant K48-poly-Ub chains (2-16 Ub/chain) in an in vitro Ub-binding assay (colP).

(legend continued on next page)
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and IKKe), which phosphorylate IRF3 and IRF7, permitting their
relocalization to the nucleus to induce type | interferon (IFN-I)
(Rehwinkel and Gack, 2020). IFN-I signals in an autocrine or
paracrine manner to promote STAT1, STAT2, and IRF9 assem-
bly into the ISGF3 complex that facilitates the expression of
several hundred IFN-stimulated genes (ISGs) that collectively
invoke an antiviral state (Akira et al., 2006; Schoggins and
Rice, 2011).

Innate immunity is tightly regulated to respond to threats while
also avoiding damage. Post-translational modification (PTM) of
proteins is a well-characterized method of immune regulation.
Ubiquitin (Ub) is a 76 amino acid protein that functions as a
PTM through covalent (anchored) or non-covalent (unanchored)
interactions (Ebner et al., 2017; Hage and Rajsbaum, 2019). Un-
anchored Ub is unique as it is not covalently conjugated to sub-
strates, allowing for a free C-terminal Gly residue. The signifi-
cance of these Ub chains has recently been appreciated as a
three-dimensional platform for protein interactions and signaling
(Rajsbaum et al., 2014b; Xia et al., 2009; Zeng et al., 2010). Un-
anchored K63-linked poly-Ub (K63-poly-Ub) promotes the acti-
vation of TAK1, RIG-I, and MDAS for optimal production of IFN-I
and pro-inflammatory cytokines while unanchored K48-linked
poly-Ub (K48-poly-Ub) enhances IFN-I signaling by stimulating
IKKe (Jiang et al., 2012; Pertel et al., 2011; Rajsbaum et al.,
2014b; Xia et al., 2009; Zeng et al., 2010). To identify additional
factors involved in innate immunity that require unanchored Ub
for their function, we used a novel approach to isolate unan-
chored Ub chains from in vivo samples. Employing this method,
we identified the RNA helicase DHX16 as a novel unanchored
Ub-interacting factor and a potential PRR that partners with
RIG-I for antiviral IFN-I production and ISG expression.

DHX16 is a DEAH-box RNA helicase in the SF2 superfamily
(Abdelhaleem et al., 2003; Fairman-Williams et al., 2010; Tanner
and Linder, 2001). DHX16 has only been described as a pre-
mRNA splicing factor that helps form a catalytically active spli-
ceosome (Gencheva et al., 2010a; Kim and Lin, 1996; Teigel-
kamp et al., 1994). Mutations in DHX16 that diminish splicing
result in the nuclear accumulation of unspliced transcripts
including genes involved in neurodevelopment (Gencheva
et al., 2010b; Paine et al., 2019). Although DHX16’s involvement
in pre-mRNA splicing is recognized, it is unknown if DHX16 plays
a role in innate immunity and whether it is regulated by unan-
chored Ub.

The role of unanchored Ub has been controversial. However,
several investigations have identified important functions for co-
valent and non-covalently linked Ub in RIG-I modulation and
highlight the importance of TRIM E3-Ub ligases in innate immu-
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nity (Giraldo et al., 2020b; Hage and Rajsbaum, 2019; Rajsbaum
etal.,2014a; Sunetal.,2016; van Tol et al., 2017, 2020; Versteeg
et al., 2014). While several signaling partners have been
described contributing to these RIG-I regulatory mechanisms,
the exact benefit RIG-I gains from these interactions remains un-
clear. In this study, we identify DHX16 as a novel unanchored
Ub-interacting factor and promoter of IFN-I production. DHX16
recognizes influenza A virus (IAV) vRNA segments 7 and 8 that
encode for M1-M2 and NS1-NEP upon splicing (Dubois et al.,
2014). DHX16 also preferentially recognizes the ORF1a region
of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2 ). This leads to recruitment of the E3-Ub ligase TRIM6
that transfers unanchored K48-poly-Ub to DHX16 promoting
RIG-I-dependent IFN-I production. This work identifies an unrec-
ognized role for DHX16 in antiviral innate immunity and reveals
unanchored Ub as a regulator to promote efficient activation of
IFN-I production.

RESULTS

DHX16 is an unanchored Ub-interacting factor
The importance of unanchored Ub in innate immunity has been
shown only for a limited number of unanchored Ub interactors.
We set out to investigate what additional cellular factors interact
with unanchored Ub and whether unanchored Ub plays a
broader role in innate immunity. To identify unanchored Ub-inter-
acting factors from murine lungs, which we expect would repre-
sent interactions in close physiological conditions, we used His-
tagged recombinant poly-Ub chains as bait. These chains were
mixed with lung tissue lysates and protein complexes were iso-
lated with Ni-NTA beads (Figure 1A). Sample elutions were sub-
jected to mass spectrometry (MS) analysis. We identified three
DEAH-box RNA helicases (DHX8, DHX15, and DHX16) that inter-
acted with K48-, but not K63-poly-Ub in lung tissues (Figure 1B).
To confirm that the identified helicases interact with unan-
chored Ub, we devised a novel co-immunoprecipitation (colP)
approach that would enrich for endogenous unanchored Ub us-
ing the Ub-specific protease isopeptidase T (IsoT, also known as
USP5) (Figure 1C). IsoT interacts with unanchored Ub through its
Ub-binding domain (UBD) that recognizes the exposed C-termi-
nal Gly residue and not covalently attached Ub (Reyes-Turcu
et al., 2006). IsoT was used previously to demonstrate the unan-
chored nature of poly-Ub (Rajsbaum et al., 2014b; Zeng et al.,
2010). A GST-tagged variant of IsoT that retains its UBD while
lacking the catalytic domain was used to capture endogenous
unanchored Ub without degrading it (Figure 1C). As a proof of
principle, the GST-UBD-IsoT bound unanchored poly-Ub

(E) GST-UBD-IsoT was mixed with lung lysates from mice treated with NTC or TRIM6 PPMO followed by GST pulldown (lung samples used in Rajsbaum et al.,

2014b) (colP).

(F) Interaction between endogenous DHX16 and GST-UBD-IsoT from HEK293Ts (colP).
(G) DHX16 interacts non-covalently with poly-Ub after normal (150 mM NaCl), but not high salt (550 mM NaCl) washes (denaturing colP).
(H) DHX16 interacts non-covalently with poly-Ub after RIPA, but not urea washes. Arrows indicate DHX15 interactions with either non-covalent or covalent poly-

Ub (denaturing colP).
(I) DHX16 interacts with K48-poly-Ub in an in vitro Ub binding assay (colP).

(J) Endogenous DHX16 interacts non-covalently with K48-poly-Ub after normal, but not high salt washes (denaturing colP).
(K) DHX16 interacts with K48-poly-Ub in HEK293Ts infected with IAV for 12 hrs (PR8 MOI = 5) (colP).

Data are representative of 2-3 independent experiments.
See also Figure S1.
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in vitro while a GST control did not (Figure 1D). To validate
whether this approach can be used to isolate unanchored Ub-in-
teracting factors from mouse tissues, GST-UBD-IsoT was used
to detect a known unanchored Ub-interacting factor (IKKe) (Rajs-
baum et al., 2014b) from murine lung lysates. GST-UBD-IsoT co-
purified IKKe from control samples, but not from lungs that were
previously treated with peptide-conjugated phosphorodiami-
date morpholino oligomers (PPMOs) for TRIM6 knockdown,
which is required for the synthesis of K48-poly-Ub that interacts
with IKKe (Rajsbaum et al., 2014b) (Figure 1E). Using this
approach, endogenous DHX16 was successfully co-purified
from cells by GST-UBD-IsoT (Figure 1F), confirming the interac-
tion identified by MS. Unanchored Ub chains corresponding to
as many as five Ub molecules were detected (Figure 1F). To
ensure that GST-UBD-IsoT interacts with DHX16 through unan-
chored poly-Ub, and not via a direct interaction with DHX16, we
performed a colP with a high salt stringency wash, in which
endogenous unanchored poly-Ub interacting with DHX16 was
first removed before the addition of GST-UBD-IsoT (Figure S1A).
GST-UBD-IsoT only interacted with DHX16 in the standard wash
that retained poly-Ub, but not after the high salt wash that
removed poly-Ub interacting with DHX16 (Figure S1B). Similarly,
the increased ionic strength of the high salt wash decoupled
overexpressed HA-Ub that co-purified with DHX16 (Figure 1G).

To further confirm non-covalent interactions between the
identified helicases and unanchored Ub, we performed a side-
by-side non-denaturing and denaturing colP (Figure 1H).
Although all three helicases interact with Ub after non-denaturing
RIPA washes, these associations were lost after denaturing urea
washes similarly to an IKKe control (Figure 1H). A weak band for
DHX15 was detected after urea washes, suggesting some cova-
lent ubiquitination on DHX15 may occur. An in vitro binding assay
using purified proteins further demonstrated that DHX16 inter-
acted directly with recombinant K48-, but not K63-poly-Ub (Fig-
ure 1l). The non-covalent interaction between DHX16 and K48-
poly-Ub was also demonstrated by a colP of endogenous pro-
teins using the high salt wash, which removed all endogenous
K48-poly-Ub from DHX16 (Figure 1J). Finally, IAV infection
enhanced the association between overexpressed DHX16 and
endogenous K48-poly-Ub, while DHX15 appeared to interact
with both K63- and K48-poly-Ub (Figure 1K). Taken together,
these results identify DHX16 as an unanchored K48-poly-Ub-in-
teracting factor.

DHX16 is required for optimal ISG expression

To determine if the identified helicases play a role in innate immu-
nity, we performed gene silencing of DHX8/15/16 with a pool of
small interfering RNAs (siRNA) and examined the IFN-I response
to IAV infection (Figures 2A and 2B). While DHX8 knockdown did
not have a statistically significant effect on IFN-g mRNA, both
DHX15 and DHX16 showed significant reduction in IFN-g induc-
tion (Figure 2B). DHX15 has been characterized as a sensor for
RNA viruses (Lu et al., 2014; Mosallanejad et al., 2014; Pattabhi
et al., 2019), while the only known roles for DHX16 have been
related to RNA metabolism and pre-mRNA splicing (Gencheva
et al., 2010a, 2010b). It is unknown whether DHX16 is involved
in innate immunity, or if it requires unanchored Ub, prompting
us to focus our investigation on DHX16. To reduce the possibility
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that our observations are due to off-target effects of the siRNA
pool, we tested two additional independent siRNAs for DHX16.
Both siRNAs significantly reduced DHX16 protein expression
and inhibited IAV-induced IFN-3 and IFITM1 mRNA (Figures
S1C and S1D).

To determine if DHX16 plays a role in innate immunity, using an
unbiased approach, we performed gene silencing of DHX16 fol-
lowed by a genome-wide expression analysis using next-gener-
ation sequencing (NGS). DHX16 expression at the protein and
mRNA level was reduced by over 90% after knockdown (Figures
2A and 2C). Surprisingly, in mock-infected cells, the largest
changes in gene expression between knockdown and control
cells were found in ISGs (Figure 2D). Gene ontology (GO) enrich-
ment analysis (Chen et al., 2013; Kuleshov et al., 2016) showed
that downregulated genes were enriched in pathways involved
in the IFN-I response and antiviral defenses (Figure 2E). Upregu-
lated genes were enriched in pathways for extracellular organi-
zation (Figure S1E). Upon IAV infection, induction of ISG expres-
sion was significantly reduced in siDHX16 cells compared with
siNTC (Figures 2F and 2G). Strikingly, knockdown of DHX16
adversely impacted transcript expression levels of several
ISGs relevant to the formation of an antiviral state against IAV
in both mock and IAV-infected samples, suggesting DHX16 is
involved in driving antiviral innate immunity (Figure 2G).

These data were surprising because of the previously reported
role for DHX16 in splicing, and we did not expect DHX16 function
to have a bias in regulating expression of innate immune genes.
To rule out whether DHX16 promotes ISG induction by regulating
splicing of a factor involved in IFN-I pathways, we performed
mixture of isoforms (MISO) analysis, which quantifies alternative
splicing events from the NGS data and identifies differentially
regulated exons across samples (Katz et al., 2010). This analysis
revealed that when comparing siDHX16 to siNTC cells, a majority
of the alternative splicing events were skipped exons, indicating
that a dysregulation of splicing does occur (Figure S1F). Howev-
er, when looking at specific gene splicing events, we did not find
significant changes in splicing of well-established genes
involved in the IFN-I response (Figure S1G), suggesting
DHX16’s function in innate immunity is independent of its role
as a splicing factor. Collectively, these data suggest that
DHX16 is essential for efficient ISG expression.

DHX16 is involved in antiviral IFN-I production

Since DHX16 knockdown affects expression of ISGs, we exam-
ined whether DHX16 plays a role downstream of the IFN-I recep-
tor (Figure S2A). DHX16 transcript levels were not increased in
response to IFN-B (Figure S2B), indicating DHX16 is not an ISG
under these conditions. The induction of ISGs upon treatment
with IFN-B was not significantly different between siNTC and
siDHX16 cells (Figure S2C), suggesting that DHX16 does not
play a role in the IFN-I signaling pathway. However, knockdown
of DHX16 led to a reduction in phosphorylation of IRF3 and TBK1
during IAV infection (Figure 3A), which are required for IFN-I pro-
duction. Decreases in the active forms for these signaling factors
correlated with reduced IFN-3 and IFIT2 mRNA (Figure 3B) as
well as a reduction of secreted IFN-f protein (Figure 3C). In line
with these data, the loss in IFN-I production resulted in a signif-
icant increase of IAV titers in siDHX16 cells compared with siNTC
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Figure 2. DHX16 is required for efficient induction of ISGs

(A-C) A549s treated with siNTC or siDHX8/15/16 followed by IAV infection for 24 h (PR8 MOI = 0.1). (A) Silencing efficiency of siRNAs and (B) IFN-3 expression

(gRT-PCR). (C) Silencing efficiency of DHX16 protein (immunoblot).

(D-F) Next-generation sequencing (NGS) analysis of A549s treated with siRNA and followed by IAV infection as described in (A). (D) Volcano plot of ISGs
significantly downregulated in siDHX16 versus siNTC mock samples. (E) Enriched GO terms and pathways (Enrichr) of downregulated transcripts. (F) Heatmap of

transcriptomic changes.
(G) Validation of selected ISGs identified in NGS (qRT-PCR).

Data are expressed as means (n = 3) + SD. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001 (Student’s t test or one-way ANOVA with Dunnett’s or Sidak’s multiple

comparisons). Data are representative of 2-3 independent experiments.
See also Figure S1.

controls (Figure 3D). Additionally, overexpression of DHX16
significantly enhanced phosphorylation of both IRF3 and TBK1
(Figure 3E), which correlated with increased expression of IFN-
6 and ISG transcripts (Figures 3F and S3A). Overexpression of
DHX16 also significantly suppressed IAV replication (Figure 3G).

To demonstrate the biological relevance of DHX16, and since
DHX16 KO mice are embryonically lethal, DHX16 expression
was silenced in vivo using PPMOs as we previously established
(Abes et al., 2006; Rajsbaum, 2017; Rajsbaum et al., 2014b). We
first validated the DHX16 PPMO knockdown in mouse embry-

onic fibroblasts (MEFs), which showed reduced levels of
DHX16 protein (Figure S3B). BALB/c mice were administered
control or DHX16 PPMOs prior to IAV challenge (Figure 3H).
DHX16 PPMOs silenced murine DHX16 protein expression in
lungs resulting in significantly enhanced IAV titers in infected an-
imals, reduced mIFN-3 and mIFITM1 mRNA, and a small, but
statistically significant, reduction in IFN- protein compared
with control PPMO-treated mice (Figures 3I-3L). DHX16 knock-
down also caused a delay in weight recovery following IAV infec-
tion (Figure 3M). The in vivo effects observed during DHX16
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Figure 3. DHX16 enhances activation of the IFN-I production pathway
(A-D) A549s treated with siNTC or siDHX16 followed by IAV infection for 24 h (PR8 MOI = 0.1). (A) Phosphorylation of TBK1 and IRF3 (immunoblot). (B) IFN-3 and
IFIT2 expression (QRT-PCR). (C) IFN-B protein in supernatants (ELISA). (D) IAV viral titers (plaque assay).

(E-G) A549s transfected with empty vector or DHX16 followed by IAV infection for 24 h (PR8 MOI = 0.1). (E) Phosphorylation of TBK1 and IRF3 (immunoblot). (F)
IFN-3 and IFITM1 expression (QRT-PCR). (G) IAV viral titers (plaque assay).
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knockdown were consistent across different mouse strains as
C57BL/6 mice also showed significantly higher viral titers for
DHX16 PPMO-treated animals (Figure S3C). These data impli-
cate a role for DHX16 in antiviral immunity in vivo.

We then tested whether DHX16 was involved in establishing a
general antiviral state. The consequence of DHX16 knockdown
was assessed during infection with different RNA viruses.
Expression of IFN-$ was significantly reduced in siDHX16 cells
infected with either WT 1AV (negative-sense, Orthomyxoviridae
family) or a recombinant mutant incapable of effectively antago-
nizing IFN-I production (NS1 R38A/K41A) (Figures 3N and S3D).
DHX16 silencing impaired IFN-( expression upon infections with
Zika virus (ZIKV; positive-sense, Flaviviridae family) (Figure 30)
and SARS-CoV-2 (positive-sense, Coronaviridae family) (Fig-
ure 3P), but not Sendai virus (SeV; negative-sense, Paramyxovir-
idae family) (Figure S3E). Consistent with this, DHX16 knock-
down resulted in higher SARS-CoV-2 titers (Figure S3F). These
results suggest that DHX16 may play a broad role in innate im-
munity against multiple viruses; however specific patterns or sig-
nals may be present in different virus families that allow DHX16 to
trigger an IFN-I response.

DHX16 promotes efficient antiviral IFN-I production
through an interaction with RIG-I

Since DHX16 triggers an IFN-I response to multiple viruses, we
asked whether DHX16 can recognize PAMPs known to stimulate
specific PRRs. IFN-3 was significantly reduced in siDHX16 cells
in response to 3p-hpRNA, an in vitro transcribed hairpin RNA of
NEP from segment 8 of IAV known to be specifically recognized
by RIG-I (Liu et al., 2015; Rehwinkel et al., 2010) (Figure 3Q). In
contrast, Poly(l:C) (dsRNA mimic stimulating MDA5 and RIG-I),
Poly(dA:dT) (dsDNA mimic stimulating cGAS), or purified 1AV
VRNA (non-replicative) induced similar levels of IFN-8 mRNA in
siNTC and siDHX16 cells (Figures S3G-S3l). Furthermore,
knockdown of DHX16 led to reduced phosphorylation of IRF3
and TBK1 after stimulation with 3p-hpRNA (Figures S3J and
S3K), suggesting the involvement of the RIG-I pathway.

Since knockdown and overexpression of DHX16 altered TBK1
phosphorylation (Figures 3A, 3E, and S3J), DHX16 may play a
role in IFN-I production at the level of TBK1 or upstream. Consid-
ering DHX16 is an RNA-binding factor, we hypothesized that it
may act as a PRR for RNA viruses. We tested whether DHX16
can interact with the adaptor protein MAVS, which is known to
link other PRRs to downstream signaling. Indeed, DHX16 and
MAVS interacted when co-expressed (Figure S3L). Since
DHX16 is involved in IFN-I induction upon stimulation with a
RIG-I-specific ligand, we asked whether DHX16 cooperates
with RIG-I. A colP and reciprocal colP showed that RIG-I is a
binding partner of DHX16 (Figures 4A and S3M). Furthermore,
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overexpressed RIG-I interacted with endogenous DHX16 (Fig-
ure 4B). To identify the regions of RIG-I that are important for in-
teracting with DHX16, we used deletion mutants of RIG-I encod-
ing either the N- or C-terminal domains (Figure 4C). The
C-terminal domain of RIG-I interacted with DHX16 in a similar
or stronger degree to full-length RIG-I (Figure 4D). DHX16-RIG-
I binding was further substantiated as endogenous DHX16 inter-
acted with endogenous RIG-I only during IAV infection (Fig-
ure 4E). Functionally, induction of IFN-I by DHX16 required
RIG-I as overexpression of DHX16 enhanced an IFN-B luciferase
reporter only in the presence of RIG-I (Figure 4F). Furthermore,
overexpression of DHX16 resulted in enhanced mIFN-{ tran-
script levels in WT, but not RIG-I KO MEFs (Figure 4G). Together,
these results identify DHX16 as a factor required for optimal RIG-
I-mediated IFN-I production in response to specific viral PAMPs.

Unanchored Ub chains and RNA are critical for optimal
DHX16-mediated IFN-I production

To examine the role for unanchored Ub in the DHX16-RIG-I-IFN-I
signaling axis, the fully catalytic form of IsoT, capable of specif-
ically cleaving unanchored Ub chains, was used in a de-ubiquiti-
nation assay (Figure 5A). Overexpression of IsoT reduced the
levels of unanchored K48-poly-Ub interacting with DHX16 (Fig-
ure 5B). Increases in IFN-3 observed upon overexpression of
DHX16 were significantly reduced in the presence of IsoT under
mock and IAV-infected conditions establishing a dependence on
unanchored Ub (Figure 5C). Since recent investigations pro-
posed that unanchored Ub is an important signaling mediator
(Pertel et al., 2011; Rajsbaum et al., 2014b; Xia et al., 2009;
Zeng et al., 2010), we questioned whether these free Ub chains
could modulate DHX16 interactions with RIG-I. To address this,
purified DHX16, RIG-I, and unanchored Ub chains were mixed
in vitro. DHX16 and RIG-I interacted in a cell-free system, and
this was further enhanced by unanchored K48-poly-Ub chains.
In contrast, unanchored K63-poly-Ub chains did not increase
DHX16-RIG-I binding (Figure 5D). Collectively, these results sug-
gest that unanchored K48-poly-Ub chains promote interactions
between RIG-1 and DHX16 necessary for optimal downstream
signaling events.

We then tested whether unanchored Ub or vRNA altered the
ability of DHX16 to hydrolyze ATP in an in vitro ATPase assay
(Figure 5E). Unanchored K48-poly-Ub did not enhance
DHX16’s ATPase activity over basal levels, while purified IAV
VRNA alone significantly increased DHX16’s ATPase activity
(Figure 5E). This increase could be enhanced further when 1AV
VRNA and unanchored K48-poly-Ub were added concurrently,
whereas addition of unanchored K63-poly-Ub did not have an ef-
fect (Figure 5E). To address the possibility of a required DHX16-
RNA interaction for unanchored K48-poly-Ub binding, lysates

(H-M) PPMO-mediated in vivo silencing of DHX16 in BALB/c mice followed by IAV infection (PR8, 1000 PFU) (n = 3—4/group). (H) Schematics of experiment. (I)
Validation of PPMO-mediated silencing in murine lung tissue (immunoblot). (J) IAV viral titers (plaque assay). (K) mIFN-8 and mIFITM1 expression (QRT-PCR). (L)
IFN-B protein in lung tissue (ELISA) (n = 5-8/group). (M) Weight loss from NTC or DHX16 PPMO-treated mice infected with IAV (PR8, 100 PFU) (n = 5/group).
(N-Q) IFN-g expression from siNTC or siDHX16 treated A549s infected with IAV (PR8 WT MOI = 0.1) (N) or ZIKV (FSS MOI = 0.1) (O), Calu-3s infected with SARS-
CoV-2 (icSARS-CoV-2-mNG MOI = 1) (P) or A549s transfected with 3p-hpRNA (100 ng/mL) (Q) (QRT-PCR).

Data are expressed as means (n = 3) + SD or + SEM as in (M). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (Student’s t test or one-way ANOVA with Tukey’s

multiple comparisons). Data are representative of 2-3 independent experiments.

See also Figures S2 and S3.
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Figure 4. DHX16 interacts with RIG-I to enhance IFN-I production

(A) DHX16 interacts with RIG-I following co-expression in HEK293Ts (colP).

(B) Endogenous DHX16 interacts with ectopic RIG-I in HEK293Ts (colP).

(C) Diagram of RIG-I truncation mutants.

(D) Interaction between DHX16 and RIG-I domain truncations following co-expression in HEK293Ts (colP).

(E) Endogenous DHX16 and RIG-I interact in A549s infected with IAV for 24 h (PR8 MOI = 1) (colP).

(F) IFN-B luciferase reporter activity in HEK293Ts following DHX16 and RIG-I co-expression.

(G) DHX16 and mIFN-{ expression from WT or RIG-I KO MEFs following transfection of DHX16 (QRT-PCR and immunoblot).
Data are expressed as means (n = 3) + SD. **p < 0.01; ****p < 0.0001 (one-way ANOVA with Tukey’s multiple comparisons). Data are representative of 2-3 in-
dependent experiments.

See also Figure S3.

8 Cell Reports 38, 110434, March 8, 2022



Cell Reports

¢? CellPress

OPEN ACCESS

A Unanchored B FLAG-DHX16: — + + Cc
K48-poly-Ub Effect on IFN-1? His-lsoT: — — + (kDa) 20
DHX16) @ - 250 F 45
gly (u)upXp) —> IP: FLAG |'B: K48-Ub - 150 e
(DHX16) < 10
& 150 é
IB: FLAG - E 5
IB: His — 100
wcL 50 0
IB: B-Actin a7 DHX16: — + + - + +
IsoT: —= - + - - +
AN
¥t Mock 1AV
PN |
4_\3’ © nPUt oa) E
FLAG-DHX16: + _ + + + ; El:“ﬂ ATPase activit
HARIG-: _ + + + + (kDa) 18- FEAG 100 2.5 ***y
1P: HA |1B: FLAG - 150 50 3 .
- 1B: Ub 37 £ 24
(RIG) | |B; HA - 100 25 £
20 o 154 *
o
(7]
g 11
FLAG-DHX16: - + + FLAG-DHX16: + - + + + + %
RNase A: - - + HARRIG-: - + + + + + o
kD: -
(kba) RNaseA: - — - ——1 (pa) g8
250 IB: FLAG 100 0
P FLAG IB: K48 Ub ';;g'l‘\ 0 1.0 04 0.4 0.2 IAVVRNA:  + _— _ + + +
(DHX16) L 150 (RIGH) IB: HA Ub 7 K48 — K48 _ K48K63
DHX16
IB: FLAG -l 100 wcL B:HA[ = ]
IB: B-Actin ‘—-—_3_[:23
250
IB: K48 Ub G |
150 ,\1'5 VRNA
wcCL . T £ — 5 VRNA
IB: FLAG —|w Sz D ppp/\/\/
IB: RNase A s ;E; 2 5’ppp IFN-I
o 50 230 @D DHX16] > IsGs
oo I, = OO
0.0
FLAG-DHX16: — + + Gly @@@ Unanchored
RNase A: — —
Unanchored K48-poly-Ub
K48-poly-Ub

Figure 5. DHX16 interacts with unanchored Ub and RNA to promote IF
) The IsoT de-ubiquitination assay.

C) IFN-3 expression following co-expression of DHX16 and IsoT in HEK293Ts in
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(H) Interactions between DHX16 and RIG-I following co-expression in HEK293Ts

N-I production

) De-coupling of unanchored K48-poly-Ub from DHX16 following co-expression of IsoT in HEK293Ts (colP).

fected with IAV for 24 h (PR8 MOI =
(colP).

0.1) (QRT-PCR).

E) Effects of recombinant poly-Ub (1 ng) and purified IAV vRNA (100 ng) on DHX16 ATPase activity in an in vitro ATPase assay.
F) Interaction between DHX16 and unanchored K48-poly-Ub following co-expression in HEK293Ts in the presence of RNase A (100 ung/mL) (colP).

in the presence of RNase A (0-100 ug/mL) (colP).

(I) DHX16-RIG-I complex formation mediated through VRNA and unanchored poly-Ub.
Data are expressed as means (n = 3) + SD. *p < 0.05; **p < 0.01; **p < 0.001 (one-way ANOVA with Tukey’s multiple comparisons). Data are representative of 2-3

independent experiments.

from cells expressing DHX16 were treated with RNase A to
cleave ssRNA bound to DHX16 (Figure 5F). RNase A treatment
reduced the amount of unanchored K48-poly-Ub co-purifying
with DHX16 (Figures 5F and 5G). Since unanchored K48-poly-
Ub improved DHX16-RIG-I interactions (Figure 5D), and since
both RIG-I and DHX16 are known to interact with RNA, we
reasoned that DHX16 and RIG-I form a complex via RNA. Treat-
ment with RNase A prior to immunoprecipitation of lysates co-
expressing DHX16 and RIG-I reduced the amount of DHX16
bound to RIG-I by as much as 80% (Figure 5H). Collectively,
these data suggest that vVRNA and unanchored K48-poly-Ub

promote the formation of a RIG-I-DHX16 complex that is neces-
sary for optimal IFN-I induction during virus infection (Figure 5I).

TRIMG6 synthesizes unanchored K48-poly-Ub that
interacts with DHX16 and regulates its activity

Since the E3-Ub ligase TRIM6 was previously found to promote
IFN-I by synthesizing unanchored K48-poly-Ub (Rajsbaum et al.,
2014b; van Tol et al., 2020), we hypothesized that TRIM6 may
also be responsible for the unanchored K48-poly-Ub interacting
with DHX16. TRIM6 and DHX16 interacted in a colP and recip-
rocal colP (Figures 6A and S4A), and the C-terminal SPRY
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(B) Diagram of TRIM6 deletion mutants.

5000-)
4000
‘2 30004

Distance (nm)
£ 2000
1000

A

° S &
é§(§§$§¢$

Distance (nm)

o S
S

Distance (nm)

(C) Interaction between DHX16 and the SPRY domain of TRIM6 following co-expression in HEK293Ts (colP).
(D) Co-localization between DHX16 and TRIM6 following co-expression in A549s. Scale bar, 20 um (confocal microscopy).
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domain of TRIM6 was responsible for this binding (Figures 6B
and 6C). TRIM6 is a known cytoplasmic factor, and DHX16 is re-
ported to localize mostly in the nucleus (Bharaj et al., 2016, 2017;
Gencheva et al., 2010a; Rajsbaum et al., 2014b; Reymond et al.,
2001; Zang et al., 2014). We examined whether these factors re-
localize for interaction by confocal microscopy. A549s overex-
pressing either TRIM6 or DHX16 displayed each factor in their
known locations, while co-expression resulted in a drastic redis-
tribution of DHX16 from the nucleus to the cytoplasm where it
colocalized with TRIM6 (Figures 6D and 6E). Notably, A549s
maintain a sizable proportion of endogenous DHX16 in the cyto-
plasm (Figure S4B).

We tested whether TRIM6 promotes interactions between un-
anchored K48-poly-Ub and DHX16 (Figure S4C). The associa-
tion of endogenous K48-poly-Ub chains with DHX16 was
enhanced in the presence of TRIM6, but not with a catalytically
inactive form (TRIM6-C15A) (Bharaj et al., 2017; Rajsbaum
etal., 2014b), in a colP assay (Figure 6F). The unanchored nature
of these TRIM6-dependent chains was confirmed in a colP in
which high salt washes removed K48-poly-Ub from DHX16 (Fig-
ure S4D). Interactions between endogenous K48-poly-Ub and
endogenous DHX16 were detected in WT A549s but were signif-
icantly reduced in TRIM6 KO A549s (Figure 6G). Furthermore,
TRIM6 was required for efficient DHX16-mediated IFN-I re-
sponses as overexpression of DHX16 significantly increased
IFN-8 and ISG mRNA in WT, but not TRIM6 KO A549s
(Figure 6H).

We then asked whether DHX16, RIG-I, and TRIM6 interact in a
complex. DHX16, RIG-I, and TRIM6 form a complex upon overex-
pression (Figure S4E) or in a cell-free system with purified proteins
(Figure S4F). Additionally, endogenous DHX16, RIG-I, and TRIM6
form a complex during IAV infection (Figure S4G). Overexpression
of all three factors resulted in relocalization of DHX16 from the nu-
cleus to the cytoplasm, where it colocalized with both RIG-I and
TRIMS in distinct cytoplasmic puncta (Figure S5A). IAV infection
promotes a small, but statistically significant, relocalization of
endogenous DHX16 from the nucleus to the cytoplasm where it
co-localizes with RIG-I (Figures S5B and S5C). The presence of
a steady-state level of cytoplasmic DHX16, combined with further
relocalization during infection, is consistent with an interaction be-
tween DHX16, RIG-I, and TRIM6 in the cytoplasm. Together,
these data identify TRIM6 as a binding partner of DHX16 that pro-
motes a complex with RIG-I. It also suggests that the unanchored
K48-poly-Ub synthesized by TRIM6 is an important modulator of
DHX16-mediated IFN-I.

DHX16 requires an intact motif lll for RNA-binding and
IFN-I production

To understand what aspects of DHX16 are required for its IFN-I
response, we generated mutations to alter functional activities
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within the eight conserved motifs of the helicase domain (Fig-
ures 7A and S6A). Mapping of DHX16 identified a need for
the HELICc domain to interact with K48-poly-Ub (Figure S6B).
To narrow down the region required for K48-poly-Ub, the HEL-
ICc domain was truncated to remove motif IV (FLTG) or motif VI
(QRAGRAGR) (Figure S6C). K48-poly-Ub associated with WT
and A-VI-HELICc, but it had reduced affinity for A-IV-HELICc
(Figure S6D). The individual DHX16 domains were made to
determine the regions required for binding. The DEXDc, HEL-
ICc, and DUF domains were each sufficient for interacting
with RIG-lI and TRIM6 (Figures S6E and S6F). Expression of
the HA2 domain was undetectable, and we could not conclude
whether this domain was involved in interactions. Consistent
with the interactions between HELICc and Ub, overexpression
of the HELICc domain alone induced phosphorylation of IRF3
and TBK1 and enhanced expression of IFN-8 mRNA, albeit to
lower efficiency compared with WT DHX16 (Figures 7B and
7C). Interestingly, the S552L and DEXDc mutants did not
induce phosphorylation of IRF3 and TBK1, IFN-8 mRNA, or
expression of IRF7 protein (an ISG), while the G724N mutant
had reduced induction compared with WT DHX16 (Figures 7B
and 7C). Overexpression of the S552L mutant failed to enhance
basal or 3p-hpRNA-stimulated /FN-8 mRNA levels compared
with WT DHX16 (Figure 7D). Mutations at S552L and G724N
are analogous to mutations S378L and G551N found in Prp2,
the yeast homolog of DHX16, which reduce ATPase activity
(Edwalds-Gilbert et al., 2000; Gencheva et al., 2010a; Plumpton
et al., 1994; Zang et al., 2014). ATP hydrolysis has been shown
to be an important determinant for the function of other heli-
cases in innate immunity, or entirely dispensable (Lu et al,
2014; Mosallanejad et al., 2014; Pattabhi et al., 2019; Yoo
et al., 2014). We investigated whether the loss in IFN-8
mRNA for the S552L and G724N mutants was attributed to
an altered ATPase activity. In the presence of a Poly Uzg RNA
substrate known to stimulate the ATPase activity of Prp2
(Plumpton et al., 1994; Warkocki et al., 2015), WT and G724N
DHX16 hydrolyzed ATP, while S552L and constructs bearing
mutations in the ATPase motifs (K428A and D520A) did not
(Figure S6G). Importantly, while mutations K428A and D520A
abolished ATPase activity, they did not impact IFN-8 levels,
suggesting that ATPase activity is dispensable for DHX16-
mediated IFN-I production (Figure 7B). The requirement of
both RIG-I and unanchored K48-poly-Ub led us to consider
whether these mutations alter the ability of DHX16 to interact
with its partners. All mutant forms of DHX16 co-purified with
RIG-I and endogenous unanchored K48-poly-Ub, indicating
the loss in IFN-I was not due to a reduced affinity for RIG-I or
Ub (Figure SEH).

RNA unwinding needs the binding energy of ATP, but it does
not require its hydrolysis since conversion of ATP to ADP

E
F

(
(
(
(

Nuclear/cytoplasmic distribution of DHX16 following TRIM6 co-expression in A549s (n = 17).

Interaction between DHX16 and K48-poly-Ub following co-expression with either WT or C15A TRIM6 in HEK293Ts (colP).
G) Interaction between endogenous DHX16 and K48-poly-Ub in WT or TRIM6 KO A549s (colP).

H) IFN-8, IFITM1, and IFI27 expression from WT or TRIM6 KO A549s transfected with DHX16 for 24 h (QRT-PCR).

Data are expressed as means (n = 3) + SD. **p < 0.001; ****p < 0.0001 (one-way or two-way ANOVA with Tukey’s multiple comparisons). Data are representative

of 2-3 independent experiments.
See also Figures S4 and S5.
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Figure 7. DHX16 requires an intact motif Ill for RNA-binding and IFN-I production

(A) Diagram of DHX16 point mutations.

(B) IFN-3 expression from A549s transfected with DHX16 (WT or mutants) for 24 h (QRT-PCR and immunoblot).
(C) IFN-I production pathway activation from A549s transfected with DHX16 (WT or mutants) for 24 h (immunoblot).
(D) IFN-3 expression from A549s transfected with DHX16 (WT or S552L) and 3p-hpRNA (100 ng/mL) (QRT-PCR).

(E) In vitro RNA-binding ability of DHX16 (WT or mutants) (colP).
(legend continued on next page)
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benefits DExD/H-box release from RNA promoting enzyme recy-
cling for the next reaction step to proceed (Chen et al., 2008; Lin-
der and Jankowsky, 2011; Liu et al., 2008). Once engaged with
RNA, DExD/H-box helicases either catalyze strand separation
of RNA duplexes or act as a nucleation point for the assembly
of alarger ribonucleoprotein (RNP) complex (Linder and Jankow-
sky, 2011). While motifs | and Il are defined as NTP-binding mo-
tifs, motifs Il and VI convert the energy from NTP binding and hy-
drolysis into RNA unwinding and RNP remodeling through
movement of the RecA1 and RecA2 domains (Bernstein et al.,
2006; Tanner and Linder, 2001). An intact helicase domain,
particularly motif Ill, is paramount for proper function as motif
Il employs the binding energy of ATP to orchestrate movement
between motifs |, I, and VI that span the two RecA domains to
generate a high-affinity ssRNA binding site (Banroques et al.,
2010). To define the relevance of the S552L and G724N muta-
tions, we asked whether these mutants had reduced binding to
RNA. Purified WT DHX16 bound a biotinylated form of Poly(1:C),
while the S552L mutant lost any detectable interaction. Further-
more, the G724N mutant displayed a weakened affinity for
dsRNA compared with WT DHX16 (Figure 7E). Interestingly,
both the DEXDc and HELICc domains could bind RNA probably
due to each domain retaining RNA-binding motifs and possibly
because both domains are free of the proposed inhibitory gating
mechanism of the C-terminal domain (Schmitt et al., 2018; Tau-
chert et al., 2017). This would also explain the ability of the HEL-
ICc domain to interact with K48-poly-Ub and induce down-
stream signaling.

We then set out to identify the PAMP that is recognized by
DHX16, and how RIG-I is involved to trigger IFN-I. Since the
S552L mutant of DHX16 cannot bind RNA (Figure 7E) and has
also been shown to be deficient in splicing (Gencheva et al.,
2010a), we hypothesized that DHX16 may recognize a splicing
signal in vRNAs. The IAV genome is comprised of eight RNA seg-
ments, two of which (segments 7 and 8) undergo splicing to pro-
duce the M1 and M2 (segment 7) and the NS1 and NEP (segment
8) products (Dubois et al., 2014). To determine whether DHX16
enhances IFN-I production through recognition of a specific
IAV segment, we performed RNA-immunoprecipitation (RNA-
IP). DHX16 (WT or S552L) and vectors expressing the full-length
IAV segments 5, 7, and 8 were expressed in cells, and equal
levels of protein were confirmed by immunoblot (Figure S6K).
Although segments 7 and 8 of IAV can undergo splicing,
segment 5 does not (Dubois et al., 2014). To test the contribution
of RIG-I, the experiment was performed in the presence or
absence of overexpressed RIG-I. Although WT DHX16 was
able to bind both spliced forms of IAV segment 7 (M1 and M2)
and segment 8 (NEP), these interactions were significantly

¢ CellP’ress

increased when RIG-I was co-expressed (Figures 7G and 7H).
Among the IAV segments tested, DHX16 displayed affinity for
the M1 and M2 products of segment 7 and the NEP product of
segment 8, but not for segment 5 (NP) (Figures 7G-71), suggest-
ing a splicing signal may be involved for recognition. In support of
this, the S552L mutant failed to interact with any of the vRNA
forms tested (Figures 7G and 7H). Strikingly, the ability of
DHX16 to interact with specific IAV segments correlated with
the expression levels of IFN-3 and IFITM1 mRNA. When RIG-I
alone was overexpressed, IFN-B and IFITM1 levels were
enhanced when provided with IAV segment 7, and this was
amplified in the presence of WT, but not S552L, DHX16 (Fig-
ure 7F). Of note, transfection of segment 8, which encodes the
well-established IFN-I antagonist NS1, completely blocked
IFN-3 as expected (Figures S6l and S6J).

To examine whether DHX16’s ability to recognize IAV vVRNAs
involved splicing, an RNA-IP was performed from IAV-infected
cells using either the WT PR8 strain of IAV, capable of splicing
its segment 8 into both the NS1 and NEP mRNAs, or a recombi-
nant GFP-NS1 reporter IAV that cannot splice segment 8 and
instead translates NS1 and NEP as a single polyprotein later
separated via a 2A autoproteolytic cleavage site (\Vianicassamy
et al.,, 2010) (Figure 7J). DHX16 showed an affinity for NEP
mRNA from WT PR8, but this was significantly reduced for the
GFP-NS1 virus, implicating the involvement of a splicing signal
for recognition (Figure 7K). Equal levels of DHX16 and viral pro-
teins are shown as control (Figure 7L). To rule out the possibility
that DHX16 affects splicing of VRNAs, which could result in
spliced forms recognized by RIG-I, we examined the RNA and
protein abundance of spliced IAV transcripts upon DHX16
silencing. DHX16 knockdown did not alter vVRNA ratios or protein
expression for any of the spliced IAV genes (Figures S6L and
S6M). Finally, since DHX16 is involved in optimal IFN-I induction
upon infection with SARS-CoV-2, and because SARS-CoV-2 is
not known to undergo splicing, we asked whether DHX16 inter-
acts with a specific region of SARS-CoV-2 vRNA. SARS-CoV-2-
infected cells subjected to RNA-IP (Figure S7A) showed WT
DHX16, but not S552L, enriched for the ORF1a/ab region
(ORF1a alone or ORF1ab) of SARS-CoV-2 VRNA (Figures S7B-
S7E). Taken together, DHX16 can recognize specific VRNA sig-
nals via its conserved motif Ill to promote an efficient antiviral
IFN-I response.

DISCUSSION
In this study, we identified the DEAH-box helicase DHX16 as

required for optimal IFN-I production through an interaction
with RIG-I, and this is regulated by unanchored K48-poly-Ub

(F-1) HEK293Ts transfected with DHX16 (WT or S552L) and segment 7, 8, or 5 of IAV + RIG-I for 24 h (RNA-IP). (F) IFN-8 and IFITM1 expression from RNA-IP (qRT-
PCR). (G-l) Interaction between DHX16 (WT or S552L) and segment 7 (G), 8 (H), or 5 (1) of IAV + RIG-I (fold enrichment over segment 7, 8, or 5 alone) (RNA-IP).
(J) Diagram of segment 8 from WT and GFP-NS1 IAV PR8 (modified from Manicassamy et al., 2010). WT PR8 expresses NS1/NEP proteins by mRNA splicing
(top). GFP-NS1 PR8 expresses both NS1-GFP and NEP proteins from a single mRNA via a ribosome start/stop at the porcine teschovirus-1 2A (PTV-1 2A) site
(bottom). Splice donor/acceptor sites (SD/SA).

(K) Interaction between DHX16 and IAV vRNAs from cells infected with WT or GFP-NS1 PR8 for 24 h (PR8 MOI = 0.1) (fold enrichment over IAV alone) (RNA-IP).
(L) Input protein expression from RNA-IP using IAV (WT or GFP-NS1 PR8) (immunoblot).

Data are expressed as means (n = 3) + SD. *p < 0.01; **p < 0.001; ***p < 0.0001 (Student’s t test or one-way ANOVA with Tukey’s multiple comparisons). Data
are representative of 2-3 independent experiments.

See also Figures S6 and S7.
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chains synthesized by the E3-Ub ligase TRIM6 (Figure S7F).
These findings revealed a role for unanchored Ub as an activator
of innate immune signaling that mirrors previous observations by
ourselves and others (Jiang et al., 2012; Rajsbaum et al., 2014b;
Xia et al., 2009; Zeng et al., 2010). Our data and these previous
studies indicate that both unanchored K48- and K63-poly-Ub
activate different signaling pathways for a full and efficient IFN-
| response, but mechanistically they are needed at different
steps (K63 chains promote RIG-I binding to MAVS, whereas
K48 chains promote DHX16 binding to RIG-I). This suggests un-
anchored Ub may function as a broader signaling platform war-
ranting further investigation. Our study also identifies TRIM6 as
the responsible E3 ligase for the unanchored K48-poly-Ub inter-
acting with DHX16. This information echoes earlier findings
revealing a role for TRIM6 and unanchored K48-poly-Ub in the
IFN-I response (Giraldo et al., 2020a).

These findings discern a mechanism for how DHX16 engages
RIG-I to trigger IFN-I. DHX16’s ability to interact with RIG-I
in vitro required unanchored K48-poly-Ub and the presence of
ssRNA (Figure S7F). The RNAs that activate DHX16 contain a
5'-triphosphate and a splicing signal, but they do not appear to
be dsRNA. DHX16 is important for optimal IFN-I induction
against ZIKV and SARS-CoV-2, indicating DHX16 may provide
additional PAMP-sensing specificity for RIG-I. RIG-I recognizes
flaviviruses (Chazal et al., 2018) and has been implicated in
sensing coronaviruses (Chang et al., 2020; Chen et al., 2020;
Hu et al., 2017; Yamada et al., 2021). Although evidence indi-
cates SARS-CoV-2 induces IFN-I primarily through MDAS5 in
Calu-3 cells (Rebendenne et al., 2021; Yin et al., 2021), a role
for RIG-I may apply depending on cell types and conditions. It
is possible RIG-I recognizes SARS-CoV-2 in addition to MDA5
(Yamada et al., 2021), but the effects could be obscured by viral
antagonism as some SARS-CoV-2 proteins inhibit IFN-I upon
RIG-I stimulation (Chen et al., 2020; Xia et al., 2020).

DExD/H-box proteins have eight highly conserved motifs
across their two RecA domains. Mutations in these motifs are
detrimental to IFN-I responses (Yoo et al., 2014; Zhu et al,,
2018). Our data indicate that a motif Ill mutant of DHX16 failed
to recognize VRNA and was unable to potentiate an IFN-I
response. A similar SAT-to-LAT motif Il mutation in another
SF2 helicase member, DDX3, resulted in a loss to both ATPase
and helicase activities (Yedavalli et al., 2004). Motif Ill mutations
cannot translate the binding energy of ATP’s v phosphate into a
high-affinity RNA-binding site and movement of the RecA do-
mains. This negatively impacts the RNA-dependent hydrolysis
of ATP by failing to constrain the catalytic core enough to hydro-
lyze the B,y phosphoanhydride bond (Banroques et al., 2010;
Tanner and Linder, 2001). Motif lll maintains an essential role in
DExD/H-box helicases for their involvement in RNA metabolism
and their non-canonical functions. Since the DHX16 helicase
motif is essential for recognition of vVRNAs, and since mutations
within this motif result in reduced splicing activity (Gencheva
et al., 2010a), we propose a model in which DHX16 couples its
recognition of splicing signals with IFN-I responses. In this
model, RIG-I recognizes a 5'-triphosphate, while DHX16 pro-
vides a high-affinity interaction with specific VRNAs (Figure S7G).
DHX16’s ability to aid RIG-I may be attributed to a unique signal
or sequence in VRNAs as DHX16 targets IAV vRNAs that can be
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spliced. Recognition of vVRNA by DHX16 required a functional
motif Ill, suggesting that the RNA-clamp mechanism used by
these helicases to engage host RNA also applies to foreign ge-
netic material.

Recent reports have identified roles for DExD/H-box helicases
in innate immunity as co-receptors to RLRs (DHX15, DHX29,
DHX36, and DDX60) (Miyashita et al., 2011; Pattabhi et al.,
2019; Sugimoto et al., 2014; Yoo et al., 2014; Zhu et al., 2018)
and other pathway components like MAVS, STING, NLRP3,
and TLRs (DHX9, DHX33, DHX36, DDX3, DDX1, DDX21, and
DDX41) (Liu et al., 2014; Mitoma et al., 2013; Zhang et al.,
2011a, 2011b, 2011c). This involvement of so many members
from the same protein superfamily suggests DExD/H-box heli-
cases at-large are at the forefront of combating pathogens in
addition to their roles in RNA metabolism (Fullam and Schroder,
2013). Alogical question that arises is why do RLRs like RIG-I rely
on numerous factors to fully induce IFN-1? One explanation could
be that since RIG-I itself is an ISG with low basal expression,
there exists a need to rapidly induce RLR-mediated signaling.
This need for a prompt, robust response may be satisfied by
DExD/H-box helicases by enhancement or maintenance of
PAMP recognition for PRRs (Pattabhi et al., 2019; Zhu et al.,
2018), or the recruitment or redistribution of PRRs to signaling
platforms (Mitoma et al., 2013; Yoo et al., 2014; Zhang et al.,
2011a). Another explanation is that these helicases further iden-
tify PAMPs based on sequence signals in addition to RIG-I's
recognition of 5'-triphosphate RNA and short dsRNA (Hornung
et al., 2006; Schlee et al., 2009). Our study identifies segments
7 and 8 from IAV as specific VRNAs recognized by DHX16, sug-
gesting DHX16’s ability to identify PAMPs may be related to
splicing. Intriguingly, ZIKV and SARS-CoV-2 are non-
segmented, positive-sense RNA viruses encoding one full-
length polyprotein and are not known to produce spliced vRNAs.
However, DHX16 can recognize Poly U sequences (Plumpton
et al., 1994), and it has been proposed that SARS-CoV-2 vRNA
can be sensed by host PRRs via Poly U tails (Hackbart et al.,
2020). DHX16 might also identify a structure within their ge-
nomes (Alvarez et al., 2005; Chazal et al., 2018; Tavares et al.,
2020). Furthermore, coronavirus transcription is known to pro-
duce subgenomic mRNAs (Dufour et al., 2011; Gribble et al.,
2021; Makino et al., 1986; Sola et al., 2015), which could provide
DHX16 an unknown PAMP.

Collectively, our study provides evidence for DHX16 as a novel
unanchored Ub-interacting factor necessary for optimal RIG-I-
mediated IFN-I production and ISG expression in response to
viral challenge. To our knowledge, DHX16 is the first example
of a DEAH-box helicase requiring unanchored Ub and recogni-
tion of splicing signals to trigger an efficient antiviral response.
These findings provide new insights into the involvement of
DExD/H-box helicases in the immune system and may guide
strategies for intervening in antiviral innate immunity via activa-
tion of non-RLR helicases against a broad spectrum of
pathogens.

Limitations of the study

For the in vivo relevance of DHX16, we observed significant dif-
ferences upon DHX16 knockdown with PPMOs; however, in
some cases the differences are small. The use of PPMOs in vivo
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does present technical limitations, which could include tissue
specificity of DHX16 expression, differences in immune cell
infiltration, or whether the effects of DHX16 knockdown in spe-
cific cell types could be limited due to the efficiency in which
the PPMO can be delivered and internalized. In vivo, our study
lacks insight into the contributions of DHX16 in immune cells
that produce relevant cytokines, which may be needed to
appreciate the observed delay in weight gain during the recov-
ery phase of IAV infection. Future studies may include immuno-
staining of tissues to assess lung injury after infection between
NTC and DHX16 PPMO treatments. The inability to obtain a
DHX16 KO animal limited our study to gene knockdown, which
may have off-target effects. However, the PPMO and siRNAs
tested recognize different sequences in human and murine
DHX16 and obtained consistent phenotypes reducing this pos-
sibility; the PPMO targets the exon 2-intron 2 junction of murine
DHX16 pre-mRNA, while siDHX16 #1 and #2 target nucleotides
#2601-2615 and #761-779 in human DHX16 pre-mRNA,
respectively.
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High-Capacity cDNA Reverse Transcription Applied Biosystems Cat #4368813
Kit

iTag Universal SYBR Green Supermix Bio-Rad Cat #1725125
Dual-Luciferase reporter assay system Promega Cat #E1960
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NE-PER nuclear and cytoplasmic Thermo Scientific Cat #78833
extraction kit

QlAamp Viral RNA Mini Kit Qiagen Cat #52904
Deposited data

Mass spectrometry proteomics data This paper PRIDE: PXD031365
RNA-Seq data This paper GEO: GSE168255
Experimental models: Cell lines

HEK293T ATCC CRL-11268
HEK293T-hACE2 Benhur Lee Oguntuyo et al., 2021

A549 (WT, TRIM6E™")
MDCK

MEF (WT, RIG-I"")
Calu-3 2B4

ATCC and Ricardo Rajsbaum

ATCC
Adolfo Garcia-Sastre
Vineet D. Menachery

CCL-185 and Bharaj et al., 2017
CCL-34

Loo et al., 2008

Lokugamage et al., 2020

Experimental models: Organisms/strains

Mouse: C57BL/6
Mouse: BALBc

The Jackson Laboratory
The Jackson Laboratory

Cat #000664
Cat #000651

Oligonucleotides

Primers for cloning DHX16 constructs
Primers for gRT-PCR used in this study
Non-targeting siRNA control

DHX8 siRNA

DHX15 siRNA

DHX16 siRNA

DHX16 siRNA

DHX16 siRNA

Non-targeting PPMO control

DHX16 PPMO

This paper

This paper and OriGene
Horizon (Dharmacon)
Horizon (Dharmacon)
Horizon (Dharmacon)
Horizon (Dharmacon)
Horizon (Dharmacon)
Horizon (Dharmacon)
Hong M. Moulton

Hong M. Moulton

Table S1

Table S2
D-001810-10-05
L-010506-00-0005
L-011250-01-0005
L-011477-00-0005
J-011477-05-0002
J-011477-08-0002
P7-NC705
Dhx16-e2i2

Recombinant DNA

Plasmid: pCAGGS

Plasmid: FLAG-DHX16

Plasmid: HA-RIG-I

Plasmid: FLAG-RIG-I

Plasmid: FLAG-RIG-I (2CARD: N-Terminus)
Plasmid: FLAG-RIG-I (C-Terminus)
Plasmid: HA-MAVS

Plasmid: HA-TRIM6

Plasmid: HA-TRIM6 (C15A)
Plasmid: GST-TRIM6

Plasmid: GST-TRIM6 (RBCC)
Plasmid: GST-TRIM6 (SPRY)
Plasmid: FLAG-DHX15

Plasmid: FLAG-DHX8

Plasmid: FLAG-IKKe

IFN-B Luciferase
REN-Luc/pRL-TK

Plasmid: His-IsoT

Plasmid: HA-Ub

Plasmid: His-Ub

Ricardo Rajsbaum
OriGene

Adolfo Garcia-Sastre
Adolfo Garcia-Sastre
Adolfo Garcia-Sastre
Adolfo Garcia-Sastre
Adolfo Garcia-Sastre
Ricardo Rajsbaum
Ricardo Rajsbaum
Ricardo Rajsbaum
Ricardo Rajsbaum
Ricardo Rajsbaum
OriGene

OriGene

Adolfo Garcia-Sastre
Adolfo Garcia-Sastre
Promega

Ricardo Rajsbaum
Ricardo Rajsbaum
Ricardo Rajsbaum

Rajsbaum et al., 2014b
Cat #RC202912
Nistal-Villan et al., 2010
Nistal-Villan et al., 2010
Nistal-Villan et al., 2010
Nistal-Villan et al., 2010
Nistal-Villan et al., 2010
Rajsbaum et al., 2014b
Rajsbaum et al., 2014b
Rajsbaum et al., 2014b
Rajsbaum et al., 2014b
Rajsbaum et al., 2014b
Cat #RC205914

Cat #RC208403
Rajsbaum et al., 2014b
Yoneyama et al., 1996
Cat #E2241

Rajsbaum et al., 2014b
Rajsbaum et al., 2014b
Rajsbaum et al., 2014b
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Software and algorithms

GraphPad Prism 9 GraphPad Software, LLC https://www.graphpad.com/
scientific-software/prism/

ZEN lite Software v2.5 Carl Zeiss https://www.zeiss.com/microscopy/us/
products/microscope-software/zen-lite.
html

FIJI (Imaged) v1.53m NIH https://imagej.net/Fiji

Other

Cytation 5 Multi-Mode Reader BioTek N/A

Zeiss LSM 880 with Airyscan Carl Zeiss N/A

CFX384 Touch Real-Time PCR Detection Bio-Rad Cat #1855484

System

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ricardo
Rajsbaum (rirajsba@utmb.edu).

Materials availability
Plasmids generated in this study are available upon request from the lead contact.

Data and code availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD031365. Transcriptomic data generated during this study have been deposited to the NCBI Gene
Expression Omnibus (GEO) database under GEO: GSE168255. All datasets are publically available as of the date of publication.
This paper does not report original code.
Any additional information required to reanalyze the data reported in this study is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

HEK293T (CRL-11268), A549 (CCL-185), and MDCK (CCL-34) cell lines were purchased from ATCC. Calu-3 2B4 cells were kindly pro-
vided by Vineet D. Menachery (The University of Texas Medical Branch at Galveston) (Lokugamage et al., 2020). HEK293T-hACE2 cells
were kindly provided by Benhur Lee (Icahn School of Medicine at Mount Sinai) (Oguntuyo et al., 2021). WT and RIG-I"~ MEFs were
kindly provided by Adolfo Garcia-Sastre (lcahn School of Medicine at Mount Sinai) (Loo et al., 2008). TRIM6™~ A549s were generated
as previously described (Bharaj et al., 2017). All cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning)
supplemented with 10% v/v fetal bovine serum (FBS) (HyClone) and 1% v/v penicillin-streptomycin (Corning). Cells used for transient
transfections were plated in (DMEM) supplemented with 10% v/v (FBS) lacking 1% v/v penicillin-streptomycin.

Viruses

Viruses used in this study were handled under biosafety level 2 (BSL-2), BSL-3, and BSL-4 conditions at UTMB in accordance with
institutional biosafety approvals. Influenza A/Puerto Rico/8/1934 (PR8) WT, NS1 R38A/K41A, and GFP-NS1 viruses were kindly pro-
vided by Adolfo Garcia-Sastre (Icahn School of Medicine at Mount Sinai) (Donelan et al., 2003; Manicassamy et al., 2010) and were
grown in MDCK cells as previously described (Eisfeld et al., 2014). Sendai virus (Cantell strain) was obtained from Charles River Lab-
oratories. SARS-CoV-2 (USA-WA1/2020) was kindly provided by The World Reference Center of Emerging Viruses and Arboviruses
(WRCEVA) (The University of Texas Medical Branch at Galveston). Zika virus (ZIKV/Human/Cambodia/FSS13025/2010) and SARS-
CoV-2 (icSARS-CoV-2-mNG) produced from infectious cDNA clones were kindly provided by Pei-Yong Shi (The University of Texas
Medical Branch at Galveston) (Shan et al., 2016; Xie et al., 2020).

Mice

All animal experiments were carried out in accordance with Institutional Animal Care and Use Committee (IACUC) guidelines and
have been approved by the IACUC of the University of Texas Medical Branch at Galveston. Eight- to 12-week-old BALB/c or
C57BL/6 female mice (The Jackson Laboratory) were maintained under specific-pathogen-free conditions in the Animal Resource
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Center (ARC) facility at UTMB. Animal experiments involving infectious virus were performed under animal biosafety level 2 (ABSL-2)
conditions at UTMB in accordance with institutional biosafety approvals.

METHOD DETAILS

Plasmids

The HA-TRIM6 plasmid and mutants were generated as previously described (Rajsbaum et al., 2014b). The FLAG-RIG-I, HA-MAVS,
and reporter plasmids expressing firefly luciferase under the control of the IFN-B promoter were kindly provided by Adolfo Garcia-
Sastre (Icahn School of Medicine at Mount Sinai) (Nistal-Villan et al., 2010; Yoneyama et al., 1996). The reporter plasmid carrying the
Renilla luciferase gene (REN-Luc/pRL-TK) was purchased from Promega. DHX16 mutants were generated by site-directed mutagen-
esis PCR and cloned in-frame into the pCAGGS or pCMV6-Entry (OriGene) expression plasmids using primers listed in Table S1. All
sequences were confirmed by sequencing analysis at the UTMB molecular genomics core facility.

Transfections and stimulations

Transient transfections of DNA were performed with TransIT-LT1 (Mirus Bio), Lipofectamine 2000, and Lipofectamine 3000 (Invitro-
gen) according to the manufacture’s guidelines. Media was exchanged 4 to 6 hrs after plasmid transfection with Lipofectamine re-
agents. Poly(:C) HMW, Poly(dA:dT), 3p-hpRNA (InvivoGen), and purified IAV vRNA stimulations were performed with Lipofectamine
2000. IFN stimulations were performed with human IFN-B 1a (PBL Assay Science).

Cell lysis and co-immunoprecipitation

Cells were harvested in RIPA lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% (v/v) IGEPAL CA-630, 0.5% (w/v) sodium de-
oxycholate, 0.1% (v/v) SDS, protease inhibitor cocktail (Roche), 5 mM N-ethylmaleimide (Sigma), and 5 mM iodoacetamide (Sigma)
as deubiquitinase inhibitors. Cell lysates were clarified by centrifugation at 21,000 x RCF for 20 min at 4°C. 10% of the clarified lysate
was added to 2X Laemmli buffer containing 2-Mercaptoethanol, heated for 10 min at 95°C, and stored at —20°C as the whole-cell
lysate (WCL). The remaining lysate was subjected to immunoprecipitation with anti-FLAG M2, anti-HA, or anti-GST EZview Red
agarose beads (Sigma), Ni-NTA agarose beads (Qiagen), or protein A/G agarose beads (Pierce). For endogenous proteins, lysates
were subjected to immunoprecipitation with 1 ng of primary antibody (4-16 png in the case of GST-UBD-IsoT: UBPBio) overnight at
4°C followed by incubation with the appropriate capture beads overnight at 4°C on a rotating platform. Beads were washed seven
times in RIPA buffer (150 or 550 mM NaCl) and the bound proteins were eluted by heating samples in 2X Laemmli buffer containing 2-
Mercaptoethanol for 10 min at 95°C.

Denaturing co-immunoprecipitation

Cell lysis, WCL collection, and co-immunoprecipitation were performed as above except the lysate was subjected to immunopre-
cipitation with nickel-nitrilotriacetic acid (Ni-NTA) beads (Qiagen) overnight at 4°C on a rotating platform. Beads were washed seven
times with either RIPA buffer containing 50 mM imidazole to remove excess non-specific binding to the beads (non-denaturing wash)
or with a denaturing buffer (50 mM Tris-HCI pH 8.0, 6 M urea, 350 mM NaCl, 0.5% (v/v) IGEPAL CA-630, 40 mM imidazole). The bound
proteins were eluted on a rotating platform at 4°C for 30 min in denaturing elution buffer (50 mM Tris-HCI pH 8.0, 300 mM imidazole).

RNA-immunoprecipitation

Cells were harvested in RIP lysis buffer (25 mM Tris-HCI, pH 7.4, 150 mM KCI, 5 mM EDTA, 0.5 mM DTT, 0.5% (v/v) IGEPAL CA-630,
protease inhibitor cocktail (Roche), 5 mM N-ethylmaleimide (Sigma), and 5 mM iodoacetamide (Sigma) as deubiquitinase inhibitors.
Co-immunoprecipitation was performed as above and 10% WCL was collected for RNA and protein inputs. Beads were washed
seven times with RIP buffer and 10% was collected for RNA and protein inputs. The remaining beads were resuspended in TRIzol
RNA extraction reagent to isolate bound RNAs.

Immunoblot analysis and antibodies

Cell lysates were resolved on 7.5 or 4-15% Mini-PROTEAN and Criterion TGX SDS-PAGE gels and then transferred to polyvinylidene
difluoride (PVDF) membranes using a Trans-Blot Turbo transfer system (Bio-Rad). Membranes were blocked with 5% (w/v) non-fat
dry milk in TBST (TBS with 0.1% (v/v) Tween-20) for 1 hr, and then probed with the indicated primary antibody in 3% (w/v) BSA in
TBST at 4°C overnight. Following overnight incubation, membranes were probed with the following secondary antibodies in 5%
(w/v) non-fat dry milk in TBST for 1 hr at room temperature: anti-rabbit or anti-mouse IgG-HRP conjugated antibody from sheep
(both 1:10,000 NA934 and NA931 GE Healthcare). Proteins were visualized using ECL or SuperSignal West Femto chemilumines-
cence reagents (Pierce) and detected by autoradiography. The following primary antibodies were used: anti-DHX16 (1:2000
A301-537A Bethyl), anti-TRIM6 N-term (1:1000 SAB1306751 Sigma), anti-K48-linked Ubiquitin (1:1000 05-1307 Millipore), anti-
K63-linked Ubiquitin (1:1000 05-1313 Millipore), anti-Ubiquitin (1:1000 P4D1 Enzo), anti-FLAG (1:2000 F7425 Sigma), anti-HA
(1:2000 H6908 Sigma), anti-His (1:2000 H1029 Sigma), anti-Lamin A/C (1:1000 sc-376248 SCBT), anti-RIG-1 1C3 (1:1000 kindly pro-
vided by Adolfo Garcia-Sastre: Icahn School of Medicine at Mount Sinai), anti-pIRF3 (S386) (1:1000 ab76493 Abcam), anti-IRF3
(1:1000 HO0003661-B01 Abnova), anti-pTBK1 (S172) (1:1000 3300-1 Abcam), anti-TBK1 (1:1000 NB100-56705 Novus), anti-IRF7
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(1:1000 4920S CST), anti-IFITM1 (1:1000 PA5-20989 Thermo Fisher Scientific), anti-GST (1:2000 A190-122A Bethyl), anti-RNase A
(1:1000 PA5-78151 Thermo Fisher Scientific), anti-IAV NP (1:1000 PA1-41071 Thermo Fisher Scientific), anti-IAV M1 (1:1000
GTX125928 GeneTex), anti-IAV M2 (1:1000 MA1-082 Thermo Fisher Scientific), anti-lIAV NS1 (1:3000 kindly provided by Adolfo Gar-
cia-Sastre: Icahn School of Medicine at Mount Sinai (Solorzano et al., 2005)), anti-IAV-NEP (1:1000 PA5-32234 Thermo Fisher Sci-
entific), anti-SCoV N (1:2000 kindly provided by Shinji Makino: The University of Texas Medical Branch at Galveston), anti-B-Tubulin
(1:2000 T8328 AA2 Sigma), and anti-B-Actin (1:1000 ab8227 Abcam and 1:10000 GTX629630 GeneTex).

Plaque assay

Influenza viral titers were determined by plaque assay on MDCK cells as previously described (Manicassamy et al., 2010). Briefly,
confluent monolayers of A549 cells were washed twice with DPBS, and virus diluted in DPBS with 0.4% (w/v) bovine serum albumin
(BSA) was incubated on cells at 37°C for 1 hr. Inoculations were removed, cells were washed once with DPBS, overlaid with DMEM
containing 0.4% (w/v) BSA, 0.1 ung/mL TPCK-treated trypsin, and incubated at 37°C. Supernatants were collected for plaque assay at
the indicated time points. For plaque assays, confluent monolayers of MDCK cells were washed twice with DPBS and virus diluted in
DPBS with 0.4% (w/v) BSA was incubated on cells at 37°C for 1 hr. Infectious were removed, cells were washed once with DPBS and
replaced with MEM containing 0.6% oxoid agar, 1 ng/mL TPCK-treated trypsin and incubated at 37°C for 2 days. Cells were fixed in
3.7% (v/v) paraformaldehyde in DPBS for 1 hr at room temperature, and stained with 1% (w/v) crystal violet, 20% (v/v) methanol in
DPBS for 20 min at room temperature. Standard plaque assays were used for SCoV2 as previously described (Lokugamage et al.,
2020).

Confocal microscopy

A549 cells seeded onto coverslips in 24-well plates (100,000 cells per well) were transfected with indicated plasmids using Lipofect-
amine 3000. 24 hrs post transfection, cells were washed once with DPBS and fixed for 10 min at room temperature with 4% (v/v)
paraformaldehyde in DPBS. Cells were washed three times with DPBS-T (DPBS with 0.1% (v/v) Tween-20) and permeabilized for
10 min with 0.5% (v/v) IGEPAL CA-630 in DPBS. Cells were washed three times with DPBS-T and blocked for 30 min with 1%
(w/v) BSA in DPBS-T. Cells were incubated with primary antibodies (anti-DHX16 1:200 A301-537A Bethyl, anti-RIG-1 1C3 1:200 kindly
provided by Adolfo Garcia-Sastre: Icahn School of Medicine at Mount Sinai, FLAG 1:200 3768S CST, HA 1:800 2350S CST, GST
1:200 3445S CST, IAV 1:50 GTX40388 GeneTex) diluted in blocking buffer overnight at 4°C in a humidified container. Cells were
washed three times with DPBS-T and incubated with secondary antibodies Alexa Fluor 555 and 633 (1:500 A31570 and A21050,
respectively Thermo Fisher Scientific) and counterstained with DAPI (1:2000 D1306 Thermo Fisher Scientific) diluted in blocking
buffer for 1 hr at room temperature in the dark. Cells were washed three times with DPBS-T and coverslips were mounted onto mi-
croscope slides using FluorSave mounting media (Millipore). Images were acquired using a Zeiss LSM 880 with Airyscan (Carl Zeiss)
at 63 x magnification at the UTMB Optical Microscopy Core.

Quantitative reverse-transcription-PCR (qQRT-PCR)

Total RNA was isolated using the Direct-zol RNA Miniprep Kit (Zymo Research) and subjected to on column DNase digestion (Zymo
Research). Reverse transcription was performed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
Real-time gPCR was performed in 384-well plates in triplicate using iTaq Universal SYBR Green Supermix and a CFX384 Touch
Real-Time PCR Detection System (Bio-Rad). Gene expression was normalized to either human 78S or murine 8-Actin by the compar-
ative CT method (AACT). The human and mouse primer sequences used are listed in Table S2.

IFN-B luciferase reporter assay

HEK293T cells were seeded into 24-well plates (50,000 cells/well) and were transfected with 30 ng of IFN- reporter plasmid together
with 10 ng of Renilla luciferase, 0.2-0.5 ng of FLAG-DHX16 and 1 ng of HA-RIG-I plasmid. Empty pCAGGS plasmid was used to bring
the total amount of plasmid to 100 ng/well. Cells were lysed 24 hrs later and IFN-f promoter activity was measured using the Dual-
Luciferase reporter assay system (Promega) on a Cytation 5 Multi-Mode Reader (BioTek) according to the manufacturer’s instruc-
tions. Values were normalized to Renilla, and the fold induction was calculated as the ratio of samples transfected with stimulating
plasmid versus samples transfected with empty plasmid.

VRNA purification
vRNAs were isolated from virus stocks using the QlAamp Viral RNA Mini Kit (Qiagen) according to the manufacturer’s instructions.

Protein purification

HEK293T cells seeded in 10 cm dishes (2.5 x 10° cells/dish) were transfected with plasmids of interest using TransIT-LT1. Cells were
harvested 24 hrs later for co-immunoprecipitation using either anti-FLAG M2, anti-HA, or anti-GST EZview Red agarose beads
(Sigma). Beads were washed seven times with RIPA buffer and twice with peptide elution buffer lacking peptide (10 mM Tris pH
7.4, 150 mM NacCl). Immunoprecipitated proteins were eluted with peptide buffer containing 300 ung/mL FLAG peptide (Sigma) for
30 min at 4°C, 1 mg/mL HA peptide (Thermo Scientific) for 15 min at 22°C, or 10 mM L-Glutathione reduced (Sigma) for 15 min at
22°C.
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ATPase assay

100 ng of IAV vRNA or 2 uM of Poly Uzg RNA was mixed with 5 pL of purified DHX16 (WT or mutant) in the presence or absence of
unanchored poly-Ub (1 ng) in a total of 20 uL ATPase reaction buffer (20 mM Tris-HCI pH 8.0, 1.5 mM MgCly,, 1.5 mM DTT). Reactions
were incubated at 37°C for 15 min before 1 mM ATP (Thermo Scientific) was added to the reactions and incubated at 37°C for an
additional 30 min. Finally, 5 uL of reaction mixture was diluted with 45 pL ATPase reaction buffer and 100 uL BIOMOL Green reagent
(Enzo Life Sciences). ATPase activity was examined by measuring sample absorbance at 620 nm using a Cytation 5 Multi-Mode
Reader (BioTek).

In vitro RNA-binding assay

500 ng of biotin-labeled Poly(l:C) (HMW) (InvivoGen) was incubated with High Capacity NeutrAvidin Agarose (Thermo Scientific) in
NT2 buffer (50 mM Tris-HCL pH 7.4, 150 mM NaCl, 1 mM MgCl,, and 0.05% (v/v) IGEPAL CA-630) overnight at 4°C on a rotating
platform. RNA-bound beads were washed seven times in NT2 buffer and incubated further with purified DHX16 proteins in NT2 buffer
overnight at 4°C on a rotating platform. Bound complexes were washed seven times in NT2 buffer and eluted by heating samples in
2X Laemmli buffer containing 2-Mercaptoethanol for 10 min at 95°C.

In vitro Ub-binding assay
Purified proteins were incubated with 1 pug of 2—7 Ub linkage K48- or K63-poly-Ub chains (Boston Biochem) in NT2 buffer overnight at
4°C on a rotating platform followed by immunoprecipitation. Bound complexes were washed seven times in NT2 buffer and eluted.

RNase a susceptibility assay
Cell lysis, WCL collection, and co-immunoprecipitation were performed with RIPA buffer (lacking N-ethylmaleimide and iodoaceta-
mide) as above except the lysate was first subjected to treatment with RNase A (Sigma) for 15 min at 23°C on a rotating platform.

IFN-B ELISA
Secreted IFN-B was measured using the VeriKine human or mouse IFN-B enzyme-linked immunosorbent assay (ELISA) kit (PBL
Assay Science) according to the manufacturer’s instructions.

Cellular fractionation
Nuclear and cytoplasmic compartments were separated using the NE-PER nuclear and cytoplasmic extraction kit (Thermo Scientific)
according to the manufacturer’s instructions.

DHX16 knockdown in vitro using siRNA

Transient knockdown of endogenous DHX8, DHX15, and DHX16 in A549 cells, seeded in 24-well plates (30,000 cells per well), was
achieved by transfection of ON-TARGETplus Non-targeting Control Pool (D-001810-10-05 Dharmacon), SMARTpool: ON-TARGET-
plus DHX8 siRNA (L-010506-00-0005 Dharmacon), DHX15 siRNA (L-011250-01-0005 Dharmacon), or DHX16 siRNA (L-011477-00-
0005, J-011477-05-0002, J-011477-08-0002 Dharmacon) for a final concentration of 20 nM siRNA. Delivery of siRNA was achieved
with Lipofectamine RNAIMAX (Invitrogen) according to the manufacture’s guidelines.

DHX16 knockdown in vivo using PPMOs

The peptide-conjugated phosphorodiamidate morpholino oligomers (PPMO) were produced by previously published methods (Abes
et al.,, 2006). The DHX16-targeting PPMO sequence (Dhx16-e2i2) was: 5-TCCCTCTCCTTCCTTCTGACTTACC-3/, and was de-
signed to specifically target the exon 2-intron 2 junction of DHX16 pre-mRNA in an effort to interfere with splicing and frameshift
the downstream sequence. This is likely to bring a premature termination codon in-frame and trigger nonsense-mediated decay
of the transcript. The non-targeting PPMO control sequence (P7-NC705) was: 5-CCTCTTACCTCAGTTACAATTTATA-3’, which
has no perfect homology to murine or influenza virus sequences. C57BL/6 or BALB/c mice (The Jackson Laboratory) were anesthe-
tized with 5% isoflurane, followed by i.n. administration with 100 ug of PPMO in 40 uL of DPBS. After 24 hrs, PPMO treatment was
repeated. At 48 hrs after the first PPMO administration, mice were infected i.n. with 100-1000 PFUs of influenza virus A/Puerto Rico/8/
1934 virus (PR8) diluted in DPBS to a volume of 40 uL. Mice were euthanized and the lungs were collected and homogenization for
subsequent assays at 0, 24, and 48 hrs post infection.

Mass spectrometry data processing

To prepare samples for LC-MS/MS analysis, samples were denatured and reduced in 2 M urea, 10 mM NH4HCO3, and 2 mM DTT for
30 min at 60°C with constant shaking, alkylated in the dark with 2 mM iodoacetamide for 45 min at 23°C and digested overnight at
37°C with 80 ng trypsin (Promega). Following digestion, peptides were acidified with formic acid and desalted using C18 ZipTips
(Millipore) according to the manufacturer’s specifications. Samples were resuspended in 4% formic acid, 2% acetonitrile solution.
Digested peptide mixtures were analyzed on a Thermo Scientific Velos Pro dual linear ion trap mass spectrometer equipped with a
Proxeon Easy-nLC HPLC with a pre-column (2 cm x 100 um I.D. packed with ReproSil Pur C18 AQ 5 um particles) and an analytical
column (10cm x 75um |.D. packed with ReproSil Pur C18 AQ 3 um particles). A gradient was delivered by the HPLC from 5% to 30%
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ACN in 0.1% formic acid over one hr. The Velos Pro collected one full scan followed by 20 collision-induced dissociation MS/MS
scans of the 20 most intense peaks from the full scan. Dynamic exclusion was enabled for 30 sec with a repeat count of 1. Data
were searched against a database containing SwissProt Human protein sequences (downloaded March 21, 2018), concatenated
to a decoy database where each sequence was randomized in order to estimate the false positive rate. The searches considered
a precursor mass tolerance of 1 Da and fragment ion tolerances of 0.8 da, and considered variable modifications for protein N-ter-
minal acetylation, protein N-terminal acetylation and oxidation, glutamine to pyroglutamate conversion for peptide N-terminal gluta-
mine residues, protein N-terminal methionine loss, protein N-terminal acetylation and methionine loss, and methionine oxidation, and
constant modification for carbamidomethyl cysteine. The resulting raw data were matched to protein sequences by the Protein Pros-
pector algorithm. Prospector data were filtered using a maximum protein expectation value of 0.01 and a maximum peptide expec-
tation value of 0.05. The proteins identified by the His-Ub pulldown are listed in Table S3.

RNA-seq data processing

A549 (siNTC and siDHX16 knockdown) cells were infected at MOI=1, and RNA was isolated at 24 hrs post infection. RNA quality was
assessed by visualization of 18S and 28S RNA bands using an Agilent 2100 Bioanalyzer (Agilent Technologies); the electrophero-
grams were used to calculate the 28S/18S ratio and the RNA integrity number. Poly(A)* RNA was enriched from total RNA (1 ug) using
oligo(dT)-attached magnetic beads. First- and second-strand synthesis, adaptor ligation, and amplification of the library were per-
formed using the lllumina TruSeq RNA sample preparation kit as recommended by the manufacturer (lllumina). Library quality was
evaluated using an Agilent DNA-1000 chip on an Agilent 2100 Bioanalyzer. Quantification of library DNA templates was performed
using gRT-PCR and a known-size reference standard. Cluster formation of the library DNA templates was performed using TruSeq
PE cluster kit v3 (lllumina) and the lllumina cBot workstation under conditions recommended by the manufacturer. Paired-end 50-
base sequencing by synthesis was performed using TruSeq SBS kit v3 (lllumina) on an lllumina HiSeq 1500 instrument using proto-
cols defined by the manufacturer. The alignment of NGS sequence reads was performed using the Spliced Transcript Alignment to a
Reference (STAR) program, version 2.5.1b, using default parameters (Dobin et al., 2013). We used the human hg38 assembly as a
reference with the UCSC gene annotation file, both downloaded from the lllumina iGenomes website. The —quantMode GeneCounts
option of STAR provided read counts per gene, which were input into the DESeq2 (version 1.12.1) (Love et al., 2014) differential
expression analysis program to determine expression levels and differentially expressed genes. Alternative splicing events were
measured with MISO (Mixture of Isoforms) software, version 0.5.3, following the software authors’ recommendations. The filter
events utility script was used to filter the differential splicing events with parameters —delta-psi 0.1 -bayes-factor 10 (Katz et al., 2010).

QUANTIFICATION AND STATISTICAL ANALYSIS
All data were presented as means + SD or SEM as indicated and analyzed using GraphPad PRISM software (version 9 GraphPad
Software). Protein band intensity and nuclear/cytoplasmic distribution was quantified using ImageJ software (version 1.53m NIH).

Confocal vector profiles were analyzed using Zen lite software (version 2.5 Carl Zeiss). Student’s paired t test, one-way ANOVA,
or two-way ANOVA with multiple comparisons were used. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.
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