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ABSTRACT Virus infection of mammalian cells causes induction of interferon (IFN)
synthesis, which, in turn, inhibits virus replication through the actions of the proteins
encoded by the IFN-stimulated genes (ISG). Although, in general, ISGs inhibit virus
replication in all cell types, there are reports that a few I1SGs may function in a cell-specific
manner. To address this issue systemically, we used an ISG shRNA library to screen
two mouse cell lines, AML-12 and LA-4, for cell-specific actions of ISGs; Ddx3, an RNA
helicase, was identified as such an ISG. It was required for both IFN action and IFN
induction by the RIG-like receptor (RLR) pathway in AML-12 cells but not LA4 cells. In
AML-12 cells, Ddx3 was required for the efficient translation of STATT and PACT mRNAs;
ectopic expression of STAT1 and PACT in Ddx3-deficient cells restored IFN action and IFN
induction, respectively. PACT was required for the activation of RLR signaling in AML-12
cells infected with vesicular stomatitis virus, Sendai virus (SeV), encephalomyocarditis
virus (EMCV), or mouse hepatitis virus. Moreover, like PKR activation, RLR activation
by PACT required S246 and S287 in its domain 3. This study demonstrated not only
cell-specific action of an ISG, Ddx3, but also cell-specific need of PACT to trigger RLR
signaling in RNA virus-infected cells.

IMPORTANCE Interferon-stimulated genes (ISGs) are induced in response to interferon
expression due to viral infections. Role of these ISGs can be variable in different cells or
organs. Our study highlights such cell-specific role of an ISG, Ddx3, which regulates the
translation of mRNAs essential for interferon induction (PACT) and interferon signaling
(STAT1) in a cell-specific manner. Our study also highlights the role of PACT in RNA
virus-induced RLR signaling. Our study depicts how Ddx3 regulates innate immune
signaling pathways in an indirect manner. Such cell-specific behavior of I1SGs helps us
to better understand viral pathogenesis and highlights the complexities of viral tropism
and innate immune responses.
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Viral infections activate different pattern recognition receptors (PRR), which induce
interferon (IFN) synthesis (1). RNA virus infections lead to IFN induction by activating
RLR signaling (RIG-l, MDA-5) or TLR signaling (TLR3, TLR7) (2). Newly synthesized IFN
binds to cell surface receptors and triggers the JAK-STAT signaling pathway leading to
induced expression of a plethora of IFN-stimulated genes (ISGs) which mount cellular
antiviral response (3). ISGs, in general, are functional in all cell types, but exceptions
have been noted in a few studies. We observed that in mice, Ifit2, an ISG, protects
the CNS from a variety of neurotropic viruses, such as vesicular stomatitis virus (VSV)
(4), rhabdovirus (5), mouse hepatitis virus (MHV) (6), and West Nile virus (WNV) (7). In
contrast, Ifit2 expression in other tissues, such as liver, lung, and spleen, is not needed
for protection from the same viruses; other ISGs are more relevant there (4). Similarly,
Zhang et al. reported the antiviral effect of IFIT1 in human fetal astrocytes which was
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absent in human embryonic lung fibroblasts (8). Ifit2 deficiency enhanced West Nile virus
replication in cerebellar granule and dendritic cells but not in macrophages, cortical
neurons, and mouse embryonic fibroblasts (MEFs) (7). To develop a comprehensive
understanding of such differential roles of ISGs, we designed a screen to identify 1SGs
with cell-specific antiviral effects and found Ddx3 to be an ISG with differential roles in
two cell lines.

Ddx3 is an ISG, but many cells have a basal level of expression. It belongs to the
DEAD-box family of ATP-dependent RNA helicases which participate in multiple aspects
of RNA metabolism, translation regulation, and other cellular processes and regulate
innate immune responses, cancer, and antiviral responses (9). Focusing on its role in
regulating innate immune responses, Ddx3 has been reported to induce IFN expression
by binding to MAVS (10), and it has also been demonstrated to bind IKKe/TBK-1 complex
triggering its activity (11). Reports also suggest that Ddx3 acts as a checkpoint between
inflammasome activation and stress granules formation (12). Ddx3 is required for the
replication of certain viruses; it modulates host innate responses by interacting with viral
proteins (13). Recent reports proposed Ddx3 as a pharmacological target to suppress
latent HIV+ CD4* T cell (14). Moreover, silencing of Ddx3 inhibits the translation of
mRNAs involved in cancer progression (Rac1, TAK1) and antiviral responses (PACT, STAT1)
(9,15, 16).

Here, we report a cell-specific role of Ddx3 in IFN induction and IFN signaling. Both
IFN induction by the cytoplasmic RLR signaling pathway and ISG induction by the
Jak-STAT pathway required Ddx3 in AML-12 cells. Ddx3 modulated IFN induction by
promoting translation of PACT, a dsRNA-binding protein that can directly activate the
protein kinase, PKR. PACT can also enhance RLR signaling (17-19) and is a component
of the Dicer complex (20). Ddx3 also regulated translation of STATT mRNA in AML-12
cells, thus affecting IFN signaling. In contrast, LA4 cells did not need Ddx3 or PACT for
IFN induction, and the expression of STAT1 was unaffected in LA4 cells upon silencing of
Ddx3. Hence, this study demonstrates cell-specific differences in the role of an ISG, Ddx3,
in modulating antiviral responses in an indirect manner.

RESULTS

Identification of Ddx3 as an ISG which regulates antiviral action of interferon
differently in two cell lines

Because we were interested in looking for cell-specific role of ISGs, we designed a screen
using a lentiviral shRNA library of ISGs transduced in mouse lung LA4 cells and mouse
liver AML-12 cell line. Individual ISG shRNA was expressed in cells in each well of 96-well
plates; IFN-B pre-treatment was given overnight to the cells to induce IFN signaling
followed by VSV virus infection. Virus replication was assessed using flow cytometry
of cells stained with antibody to a viral protein, and candidate ISGs were selected as
those which inhibited virus replication in one cell line but not the other (Fig. S1 and
S2); Ddx3 was one such ISG chosen from the screening due to its differential effect
on virus replication in the two cell lines. Silencing of Ddx3 had a different impact on
IFN-B-induced antiviral effects in the two cell lines; Ddx3 knockdown (KD) disrupted IFN
signaling in AML-12 cells leading to uninhibited VSV replication (Fig. 1A), but similar
phenomenon was not observed in LA-4 cells (Fig. 1B). The observation was confirmed
using another RNA virus, mouse hepatitis virus, a murine coronavirus, which produced
similar results (Fig. 1C and D). Like AML-12 cells, a human liver cell line, HepG2, also
displayed a need of Ddx3 for IFN's antiviral effects (Fig. 1E). Hence, we decided to choose
Ddx3 from the ISG screen and dissect further its cell-specific role in antiviral effects of
IFN.

Ddx3 regulates RLR-mediated IFN induction in AML-12 cells

Next, we examined the impact of silencing Ddx3 on virus-triggered IFN induction in
these cells. In the absence of Ddx3, MHV could not induce IFN mRNA in AML-12 cells, but
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FIG 1 Differential role of Ddx3 in regulating antiviral effects of IFN in LA4 and AML-12 cells. (A) Mouse liver AML-12 cells (WT and Ddx3 KD) were treated with
various concentrations of IFN-f overnight followed by VSV infection (MOI 5). The supernatant was harvested after 16 hours, and viral titer was determined by
using plaque assay in Vero cells. (B) Mouse lung LA-4 cells (WT and Ddx3 KD) were treated with various concentrations of IFN-B overnight followed by VSV
infection (MOI 5). The supernatant was harvested after 16 hours, and viral titer was determined by using plaque assay in Vero cells. (C) Mouse liver AML-12 cells
(WT and Ddx3 KD) were treated with IFN-B overnight followed by mouse hepatitis virus infection (MOI 5). The supernatant was harvested after 16 hours, and
viral titer was determined by using plaque assay in DBT cells. (D) Mouse lung LA-4 cells (WT and Ddx3 KD) were treated with IFN-B overnight followed by MHV
infection (MOI 5). The supernatant was harvested after 16 hours, and viral titer was determined by using plaque assay in DBT cells. (E) Human HepG2 cells (WT
and Ddx3 KD) were treated with 100 U/mL IFN-B overnight followed by VSV infection (MOI 5). The supernatant was harvested after 16 hours, and viral titer was
determined by using plaque assay in Vero cells. (A, B, C, D, E: mean + SEM, N = 3). *P < 0.05, **P < 0.01, ***P < 0.001.

in LA-4 cells, IFN mRNA was strongly induced by MHV even in the absence of Ddx3 (Fig.
2A). Similar results were obtained when IFN was induced by VSV (Fig. 2B). In the human
liver cell line HepG2, like mouse liver AML-12 cells, IFN induction by VSV required Ddx3
(Fig. 2Q). Activation of IRF3 by its phosphorylation is required for IFN induction; this
process happened in MHV-infected AML-12 cells but only if Ddx3 was not knocked down
(Fig. 2D). Similarly, VSV infection triggered IRF3 phosphorylation in AML-12 cells only if
Ddx3 was present, but in LA-4 cells, IRF3 was phosphorylated upon VSV infection even in
the absence of Ddx3 (Fig. 2E). These results indicated that the triggering of RLR signaling
by VSV and MHV required Ddx3 in AML-12 and HepG2 cells but not in LA-4 cells.

In infected cells, the presence of viral RNA is sensed by either cytosolic RLRs (RIG-I,
MDA-5) or endosomal TLRs (TLR3, TLR7), which trigger IRF-3 phosphorylation and
induction of interferons (21). To further delineate the role of Ddx3 in IFN induction, we
looked for the pathway specifically interrupted upon Ddx3 silencing. The synthetic
dsRNA, Poly I.C, was either transfected into cells, activating cytosolic RLRs or added to the
cell culture media, to be endocytosed and activate TLR3. As expected, IFN mRNA was
induced by both RLR and TLR3 in AML-12 cells, but Ddx3 was needed for only the RLR
pathway, and IFN was induced strongly by TLR3 even in the absence of Ddx3 (Fig. 3A). In
contrast, in LA-4 cells, neither pathway required Ddx3 (Fig. 3B). Because VSV uses RIG-I as
the signaling receptor (22) and MHV uses primarily MDA-5 (23), our data suggested that
signaling by both RLR (RIG-l and MDA-5) pathways requires Ddx3 in AML-12 cells. To test
that experimentally, we knocked down MDA-5 (Fig. 3C) or RIG-I (Fig. 3D) expression in
AML-12 cells and measured MHYV replication (Fig. 3E) and IFN induction (Fig. 3F) in those
cells. Surprisingly, our results showed that MHV used primarily RIG-l, not MDA-5, to
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FIG 2 Differential need of Ddx3 for RLR-mediated IFN induction by VSV and MHV. (A) LA-4 cells and AML-12 cells (WT and Ddx3 KD) were infected with MHV
(MOI 5), and cells were harvested 8 hours post infection. IFN-B mRNA expression was determined by RT-PCR. (B) LA-4 cells and AML-12 cells (WT and Ddx3 KD)
were infected with VSV (MOI 5), and cells were harvested 8 hours post infection. IFN-B mRNA expression was determined by RT-PCR. (C) WT and Ddx3 KD HepG2
cells were infected with VSV, and cells were harvested 8 hours post infection. IFN-B mRNA levels were determined by RT-PCR. (D) WT and Ddx3 KD AML-12
cells were infected with MHV (MOI 5), and cells were harvested 2 hours post infection. IRF-3 phosphorylation was determined by western blotting. (E) WT and

Ddx3 KD LA-4/AML-12 cells were infected with VSV (MOI 5), and cells were harvested 2 hours post infection. IRF-3 phosphorylation was determined by western

blotting. (A, B, C: mean + SEM, N = 3). *P < 0.05, **P < 0.01, ***P < 0.001.

induce IFN in AML-12 cells. To probe this issue further, we tested the need of Ddx3 for IFN
induction by SeV and EMCV, two prototype viruses that use RIG-1 or MDA-5 pathway (24),
respectively. Neither virus could induce IFN mRNA in Ddx3 KD AML-12 cells (Fig. 3G and
H), demonstrating the need of Ddx3 for triggering signaling by both RIG-I and MDA-5
pathways in these cells.

In addition to inducing IRF-3-dependent genes, RIG-I signaling also induces NF-kB-
dependent genes (25). Two such genes, CCL20 and IL-6, were not induced by poly I.C
transfection in Ddx3 KD AML-12 cells, but the induction was rescued by ectopic expres-
sion of PACT (Fig. S3A and B). These results demonstrated the need for PACT for activat-
ing both IRF-3 and NF-kB pathways by RLR signaling in AML-12 cells.

Ddx3 is needed for translation of PACT and STAT1 mRNAs in AML-12 cells

We next inquired why Ddx3 was needed for IFN induction and action in AML-12 cells. We
did not observe any interaction of Ddx3 with IKKe/TBK-1 complex or MAVS in virus-
infected AML-12 cells, unlike what was previously observed in other cell lines (10, 11). We
did not observe any difference in basal or induced expression of Ddx3 in IFN- treatment
or VSV-infected AML-12 and LA-4 cells (Fig. S3C and D). Other studies highlighted the role
of Ddx3 in regulating translation of mRNAs involved in innate immune responses,
including PACT and STAT1T mRNAs (15, 16). We observed reduced expression of PACT in
AML-12 cells, after Ddx3 knockdown, whereas even WT LA-4 cells did not express any
detectable PACT (Fig. 4A). Similarly, little STAT1 was expressed in Ddx3 KD AML-12 cells,
whereas STAT1 expression was not reduced in Ddx3 KD LA-4 cells (Fig. 4B). These
differential expression patterns of PACT and STAT1 in the two cell lines provided possible
clues for their different antiviral responses observed upon Ddx3 silencing. To confirm

December 2023 Volume 97  Issue 12

10.1128/jvi.01304-23 4


https://doi.org/10.1128/jvi.01304-23

Full-Length Text Journal of Virology

AML-12 cells
A B LA-4 cells C E MHV virus titer
*
wT PSKD a0, wT Ddx3 KD & o %
5x10-+ @ S v -
T > 3 89
B 4104 21.5%10¢ - MDA5 &
2 < =
< Lo T
=]
E 20104 £ O &
% S setos P &> v -
Z 1%1041
= e - |rer =
0 r \ . +
s N @\ | e == | p-ctin &
& « &
& D
v
] G H WT Ddx3
X
4 8x10-3= )
_ 8x104 E WT Ddx3 KD 3103
2 > g
2 6x10-44 Dex10- @
g g 2%103-
- s = g )
% 4xt0- @ 4x10-- =
€ £
x -3 -
- L L
0 N 0 T T T T 0 T T T T
o€ control SeV control SeV control EMCV control EMCV
vf
&

FIG 3 In AML-12 cells, Ddx3 is required for activation of both RIG-I and MDA-5 signaling pathways. (A) Mouse AML-12 cells (WT and Ddx3 KD) were either treated
(50 pg/ mL) or transfected (10 pg/ mL) with poly I.C, and cells were harvested after 8 hours. IFN-B mRNA expression was determined using RT-PCR. (B) Mouse
LA-4 cells (WT and Ddx3 KD) were either treated (50 pg/ mL) or transfected (10 pg/ mL) with Poly I.C, and cells were harvested after 8 hours. IFN-3 mRNA
expression was determined using RT-PCR. (C) AML-12 cells were transduced with MDA-5 targeting lentivirus, and cells were selected for puromycin resistance.
The surviving colonies were cloned for single-cell colony selection, and cells from two colonies were confirmed for MDA-5 knockdown using MDA-5-specific
antibody. (D) AML-12 cells were transduced with RIG-I targeting lentivirus, and cells were selected for puromycin resistance. The surviving colonies were cloned
for single-cell colony selection, and cells from two colonies were confirmed for RIG-I knockdown using RIG-I-specific antibody. (E) WT, RIG-I KD, and MDA-5 KD
AML-12 cells were infected with MHV. And 24 hours later, supernatant was collected, and MHYV viral titer was determined by plaque assay. (F) WT, RIG-I KD, and
MDA-5 KD AML-12 cells were infected with MHV. And 8 hours later, cells were harvested, and IFN-B mRNA levels were determined by RT-PCR. (G) WT and Ddx3
KD cells were infected with Sendai virus (MOI 5). And 8 hours later, cells were harvested, and IFN-B mRNA levels were determined by RT-PCR. (H) WT and Ddx3 KD
cells were infected with EMCV virus (MOI 5). And 8 hours later, cells were harvested, and IFN-B mRNA levels were determined by RT-PCR. (A, B, E, F, G, H: mean +
SEM, N = 3). *P < 0.05, **P < 0.01, ***P < 0.001.

that low expression of STAT1 in Ddx3 KD AML-12 cells was responsible for their poor
response to IFN, we ectopically expressed STAT1 in these cells using a STAT1T mRNA
expression vector that was devoid of the 5" UTR containing the target of Ddx3 regulation
(Fig. 4C). The STAT1-reconstituted AML-12 Ddx3 KD cells behaved like Wt AML-12 cells, as
measured by the strength of induction by IFN of two ISGs, Ifit-1 (Fig. 4D) and Ifit2 (Fig. 4E);
the same was true for MHV replication efficiencies in these cells (Fig. 4F). These results
demonstrated that Ddx3 regulates IFN signaling in AML-12 cells by modulating the
expression of STAT1.

Similarly, reconstitution of PACT in Ddx3 KD AML-12 cells (Fig. 5A) restored poly I.C-
induced (Fig. 5B) and MHV-induced (Fig. 5C) IFN expression. However, the antiviral
response in KD cells was not reinstated by PACT reconstitution alone. MHV replication in
Ddx3 KD and PACT-reconstituted cells was still higher compared to WT cells (Fig. 5D),
indicating the need of both PACT and STAT1 in restoring complete antiviral effects. As
expected, ectopic expression of both PACT and STAT1 in Ddx3 KD AML-12 cells restricted
viral replication to a degree similar to WT cells (Fig. 5E). These experiments confirmed
that the defect in the antiviral response of Ddx3 KD AML-12 cells was entirely due to a
lack of expression of PACT and STAT1.
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FIG 4 Ddx3 is required for PACT and STAT1 expression in AML-12 cells. (A) Expression of PACT in LA-4 and AML-12 cells (WT and Ddx3 KD) was measured by

western blotting. (B) Expression of STAT1 in LA-4 and AML-12 cells (WT and Ddx3 KD) was measured by w
WT, Ddx3 KD, and STAT1-reconstituted cells by western blotting. (D) WT, Ddx3 KD, and STAT1-reconstituted

estern blotting. (C) STAT1 expression was analyzed in
AML-12 cells were treated with IFN-3 overnight. Cells

were harvested, and Ifit-1 mRNA levels were measured using RT-PCR. (E) WT, Ddx3 KD, and STAT1-reconstituted AML-12 cells were treated with IFN-B overnight.

Cells were harvested, and Ifit-2 mRNA levels were measured using RT-PCR. (F) WT, Ddx3 KD, and STAT1-reco

nstituted cells were treated with IFN-B overnight, and

cells were infected by MHV for 16 hours. The supernatant was harvested, and viral titer was determined by plaque assay on DBT cells (D, E, F: mean + SEM, N = 3).

*P < 0.05,**P < 0.01, ***P < 0.001.

Absence of PACT-RIG-I interaction in Ddx3 KD cells prevents RIG-I activation

PACT-RIG-I interaction is crucial for virus-induced IFN expression (17), and many viral
proteins tend to disrupt this interaction to evade cellular IFN response (26-29). PACT has
also been demonstrated to interact with other RLRs (MDA-5 and LGP2) and trigger
antiviral response (18, 19). We looked for interaction between endogenous RIG-I and
PACT in the presence and the absence of RNA viruses activating RIG-I, VSV, and MHV in
AML-12 cells and concluded that PACT interacts with RIG-I only in the presence of viral
infection (Fig. 6A). Also, exogenous FLAG-PACT expressed in Ddx3 KD cells (PACT minus
background) interacted with RIG-I only after virus infection (Fig. S4A). RIG-I activation is a
multi-step process as binding of viral dsRNA to RIG-I leads to its dephosphorylation and
K-63-linked polyubiquitination by E-3 ligases (TRIM25, RIPLET), followed by its oligomeri-
zation (2). This oligomerized complex binds to MAVS protein leading to IRF3 phosphory-
lation and interferon induction. PACT has been reported to bind RIG-I and stimulate its
ATPase activity, in vitro (17). In AML-12 Ddx3 KD cells, absence of PACT inhibited K-63
polyubiquitylation of RIG-1 upon MHV (Fig. 6B) and VSV and SeV (Fig. S4B) infection which
was restored after reconstitution of PACT (Fig. 6C; Fig. S4C). Therefore, we concluded that
absence of RIG-I PACT binding in Ddx3 knockdown cells inhibited K-63 polyubiquitina-
tion of RIG-I, preventing RIG-I activation.

PACT-RIG-Il interaction is required for TRIM25 binding to RIG-I in AML-12 cells

Binding of dsRNA to RIG-I leads to conformational changes in RIG-I and facilitates binding
of E3 ligases to RIG-I causing K-63 polyubiquitination. We looked for binding of the E3
ligase TRIM25 to RIG-I in Ddx3 KD cells devoid of PACT. Our observations revealed that
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FIG 5 RLR signaling is restored upon ectopic PACT expression, but both PACT and STAT1 are needed for restoring the antiviral effect. (A) PACT expression was
analyzed in WT, Ddx3 KD, and PACT-reconstituted cells by western blotting. (B) WT, Ddx3 KD, and PACT-reconstituted AML-12 cells were either mock transfected
or Poly I.C transfected (10 pg/mL). Cells were harvested after 8 hours, and IFN-B mRNA expression was analyzed by RT-PCR. (C) Mouse AML-12 cells (WT, Ddx3 KD,
and PACT reconstituted) were infected by MHV (MOI-5), and cells were harvested 8 hours post infection. IFN-B mRNA expression was determined using RT-PCR.
(D) Mouse AML-12 cells (WT, Ddx3 KD, and PACT reconstituted) were treated with IFN-B overnight, and cells were infected by MHVs for 16 hours. The supernatant
was harvested, and viral titer was determined by plaque assay on DBT cells. (E) WT, Ddx3 KD, and PACT + STAT1 double reconstituted cells were treated with IFN-3
overnight, and cells were infected by MHV for 16 hours. The supernatant was harvested, and viral titer was determined by plaque assay on DBT cells (B, C, D, E:
mean = SEM, N = 3). *P < 0.05, **P < 0.01, ***P < 0.001.

TRIM25 was unable to bind to RIG-I in the absence of PACT-RIG-I interaction in MHV- (Fig.
6D) and VSV- (Fig. S4D) infected AML-12 cells. Restoring expression of PACT in Ddx3 KD
cells also restored TRIM25 binding to RIG-I in virus-infected cells (Fig. 6E; Fig. S4E). We
concluded that PACT-RIG-I interaction is essential for TRIM-25 binding and K-63 polyubi-
quitination of RIG-l, activating RIG-l and inducing interferons upon virus infection. Ddx3
KD cells devoid of PACT are thus deficient in virus-induced RIG-I activation and IFN
expression.

Domain 3 of PACT containing S246 and S287 phosphorylation sites is essen-
tial for binding to RIG-I

We investigated the relevant domains of PACT which are responsible for its binding to
RIG-1 following leads from our previous studies on PACT-PKR interactions. PACT contains
two dsRNA-binding domains, domain 1 and domain 2, and a PKR-activation domain,
domain 3 (30). Domain 3 of PACT has two phosphorylation sites S246 and S287 crucial for
PACT activation and its binding to PKR (31). We examined the needs of these domains of
PACT for RIG-I binding and activation using deletion mutants of each domain and
expressing them in Ddx3 KD AML-12 cells. Our immunoprecipitation experiments using
the PACT deletion mutants (A1, A2, and A3 deletion mutant) suggested domain 3 of
PACT was essential for binding to RIG-I (Fig. 7A). The A3 domain mutant was unable to
induce IFN-3 mRNA upon MHYV infection (Fig. 7C), suggesting that domain 3 of PACT was
essential for RIG-I activation. We also examined the relevance of the two phosphorylation
sites (5246 and S287) in domain 3 of PACT for binding and activation of RIG-I. Our results
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on SDS-PAGE gel, and western blot detection was done by using PACT antibody. (B) WT and Ddx3 KD cells were mock infected or MHV infected. Cells were

harvested 1 hour post infection and lysed for immunoprecipitation using anti-RIG-I antibody conjugated to dynabeads. The elute was run on SDS-PAGE, and K-63

polyubiquitination of RIG-I was analyzed by using specific antibody. (C) WT- and PACT-reconstituted AML-12 cells were mock infected or infected by MHV. Cells

were harvested 1 hour post infection and lysed for immunoprecipitation using anti-RIG-I antibody conjugated to dynabeads. The elute was run on SDS-PAGE,

and K-63 polyubiquitination of RIG-I was analyzed by western blotting. (D) WT and Ddx3 KD cells were mock infected or MHV infected. Cells were harvested

1 hour post infection and lysed for immunoprecipitation using anti-RIG-I antibody conjugated to dynabeads. The elute was run on SDS-PAGE, and TRIM25

interaction with RIG-I was analyzed by using TRIM25-specific antibody. (E) WT and PACT-reconstituted AML-12 cells were mock infected or MHV infected. Cells

were harvested 1 hour post infection and lysed for immunoprecipitation using anti-RIG-I antibody conjugated to dynabeads. The elute was run on SDS-PAGE,

and TRIM25 interaction with RIG-l was analyzed by using TRIM25-specific antibody.

revealed both phosphodeficient mutants (5246A and S287A) were unable to bind RIG-I
(Fig. 7B), even after virus infection, causing impaired IFN-f3 induction (Fig. 7C). Expression
of phosphomimetic mutants (5246D and S287D) did not confer virus-independent IFN
induction but exhibited a stronger IFN-f3 expression in response to viral infection (Fig.
7D). Hence, both phosphorylation sites, S246 and S287, are required for activation of
PACT upon virus infection and its binding to RIG-I, leading to IFN induction.

DISCUSSION

The DDX family of proteins has been well studied for its role in regulating immune
responses, both as positive and negative regulators of immune signaling pathways.
Ddx60, an ISG, promotes RLR-induced IFN expression upon virus infection (32). Ddx6
interacts with RIG-1 and aids in potentiating IFN response against RNA viruses (33). Ddx41
is an early sensor of viral DNA mediating the activation of STING signaling in dendritic
cells (34). Ddx5 and Ddx1 have been reported to promote p65 activation and assist in NF-
kB-mediated immune responses (35, 36). DDX24 enhances viral replication by competing
with RIG-I to bind viral RNA in VSV-infected cells, acting as a negative regulator (37).
Ddx46 inhibits virus-induced immune response by entrapping transcripts that encode
antiviral proteins inside nucleus (38). Ddx19 disrupts virus-activated TBK1-IRF3 interac-
tion which inhibits TBK1-mediated phosphorylation of IRF3 (39).
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FIG 7 S246 and 5287 in domain 3 of PACT are required for RIG-I activation. (A) Ddx3 KD AML-12 cells were transfected with WT FLAG-PACT vector, and mutant
FLAG-PACT vector containing deletion of various domains of PACT (A1, A2, A3 domains). And 24 hours later, MHV infection was given, and cells were harvested

after 1 hour. The FLAG-tagged PACT protein was immunoprecipitated by using anti-FLAG antibody-conjugated agarose beads. The elute was run on SDS-PAGE
gel, and RIG-I interaction with PACT was analyzed using RIG-I-specific primary antibody. (B) Ddx3 KD AML-12 cells were transfected with WT FLAG-PACT vector,

and mutant FLAG-PACT vector containing S246A or S287A substitution mutation. And 24 hours later, MHV infection was given, and cells were harvested after

1 hour. The FLAG-tagged PACT protein was immunoprecipitated by using anti-FLAG antibody-conjugated agarose beads. The elute was run on SDS-PAGE gel,
and RIG-I interaction with PACT was analyzed using RIG-I-specific primary antibody. (C) Ddx3 KD AML-12 cells were transfected with WT FLAG-PACT vector, and
mutant FLAG-PACT vectors containing various deletions and substitutions domain (A1, A2, A3 deletions, S246A and S287A substitution mutation). And 24 hours

later, MHV infection was given, and cells were harvested after 8 hours. WT AML-12 cells were also infected as control. IFN-B mRNA expression was determined
using RT-PCR. (D) Ddx3 KD AML-12 cells were transfected with WT PACT and phosphomimetic mutants (5246D and S287D). And 24 hours later, MHV infection was
given, and cells were harvested after 8 hours (C, D: mean + SEM, N = 3). *P < 0.05, **P < 0.01, ***P < 0.001. ns = P > 0.05 (not significant).

Ddx3 has been reported to be a transcriptional regulator of IFNB promoter, possibly
through its interaction with TBK1/IKKe (10) or enhancing IRF3 binding to IFNB promoter
(40). Here, we report a new role of Ddx3 in the IFN system, which was indirect and relied
on its need for translation of PACT and STAT1T mRNAs. Because ectopic expression of
PACT and STAT1 in Ddx3 KD AML-12 cells restored full IFN response, we believe that Ddx3
did not have any additional role, relevant to the antiviral action, in these cells. Surpris-
ingly, this role of Ddx3 was manifested in a cell type-specific way; the mouse liver cell line
AML-12 and the human hepatoma line HepG2 exhibited the need of Ddx3, but the
mouse lung cell line LA-4 did not. It is not clear why Ddx3 is needed for the efficient
translation of STAT1T mRNA in AML-12 cells but not in LA-4 cells. It is speculated that
DDX3 facilitates the translation of mRNAs by resolving secondary structures within their
complex 5" UTRs (16, 41). Because the mRNA structure is the same in both cell lines, one
can speculate that a different RNA helicase unwinds its 5 UTR to facilitate translation
initiation in LA-4 cells, thereby making Ddx3 redundant. In contrast, even in the presence
of Ddx3, there was no detectable expression of PACT in LA-4 cells. It remains to be
explored whether this was due to an inhibition of PACT mRNA expression at the tran-
scriptional level.
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Our results indicated Ddx3 was required for the expression of PACT in AML-12 cells.
Infection of the PACT-expressing cells with RNA viruses activated the RLR pathways, both
RIG-I and MDA-5. This was preceded by PACT binding to the receptor, recruitment of
TRIM25, and ubiquitination of RIG-I (Fig. 8). In the past, PACT has been shown to enhance
RIG-I signaling in virus-infected cells by binding to it, and in vitro, PACT can trigger the
helicase activity of RIG-I (17). But in AML-12 and HepG2 cells, the need of PACT for RIG-I
signaling was absolute; no IFN mRNA was induced even in robustly infected cells, in the
absence of PACT. Ddx3 was also required for the expression of NF-kB-dependent genes
upon RIG-l pathway stimulation by poly I.C. It is puzzling why viral RNAs, the widely
studied activators of RIG-, failed to trigger RIG-I signaling. Similarly, transfected synthetic
dsRNA, poly I:C, required PACT to activate RIG-I signaling in these cells, although PACT
was not needed for TLR3 signaling. Could it be possible that PACT, a dsRNA-binding
protein, facilitates viral RNA transport to RIG-I? If this paradigm is true, then AML-12
and LA-4 cell lines represent the two opposite ends; in AML-12 cells, PACT is absolutely
needed, whereas in LA-4 cells, it is not needed at all. Most cell lines probably use both
PACT and viral RNA to activate RLR signaling efficiently.

PKR activation by PACT has been studied extensively. Like RIG-l, PKR is also a
dsRNA-binding protein, and it can be activated by either dsRNA or PACT (42). Domains
1 and 2 of PACT mediate strong binding to both dsRNA and PKR, but the two properties
are independent, and there are many mutants of PACT which can bind either PKR or
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FIG 8 Model depicting regulation of IFN induction and IFN signaling by Ddx3 in AML-12 cells through PACT and STAT1. RNA virus infection activates PACT
leading to PACT-RIG-I interaction which causes RIG-I activation and IFN induction. Ddx3 modulates this pathway by regulating the translation of PACT. On the

other hand, IFN expression activates the JAK-STAT pathway leading to induction of ISGs. Ddx3 controls this pathway by regulating STAT1 translation. The model

depicts how Ddx3 regulates both pathways in an indirect manner. The figure was created using Biorender.com.
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dsRNA but not both (30, 31). Such mutants need to be tested for RIG-I activation in
light of our observation that, like PKR activation, it also does not need domains 1 and
2 of PACT. It, however, needs domain 3 and the two serine residues within it that are
needed for PKR activation. Therefore, RIG- and PKR activation by PACT require the same
properties of the protein. Further studies are needed to determine the mechanism of
RIG-I activation by PACT.

We previously observed organ-specific functions of an ISG, Ifit2, in mice (4), leading
us to initiate this study to test whether ISGs can have cell-type-specific functions. We
discovered an example of such differential actions of Ddx3, and investigation of its mode
of action has revealed new and exciting aspects of the mechanism of activation of RIG-I
signaling.

MATERIALS AND METHODS
Reagents and antibodies

Anti-Ddx3 antibody used for western blot was purchased from LS Biosciences (LS-
C64576). Anti-PACT (ab-31967) was purchased from Abcam and nti-RIG-I (AG 20B-0009-
C100) from Adipogen Life Sciences. K-63 linkage specific polyubiquitin antibody (56215),
phospho IRF3 (4947S), total IRF3 (4302S), actin (3700), STAT1 (9172S), and MDA-5
(5321S) were purchased from Cell Signaling Technology and anti-TRIM-25 antibody
(sc-166926) from Santa Cruz Biotechnology. Anti-FLAG antibody (SAB4200071) was
purchased from Millipore Sigma. Mouse IgG (sc-2025) and rabbit 1gG (sc-2027) control
antibodies for immunoprecipitation were purchased from Santa Cruz Biotechnology.
Anti-FLAG-conjugated agarose beads (A4596, Millipore Sigma) and Dynabeads protein A
(10001D, Thermo Fisher Scientific) were used for immunoprecipitation. Poly I.C (tlrl-pic)
was purchased from Invivogen. For reconstitution of PACT (MG52537-NF) and STAT1
(MG53362-UT), cDNA clone expression plasmids were purchased from Sino Biological.
Lipofectamine 2000 (Thermo Fisher Scientific, 11668030) was used for all transfection
experiments. The clones were transfected into AML-12 cells, and antibiotic selection was
used to generate stable cell lines. Recombinant human interferon-f (8499-IF-010) and
mouse interferon-3 (8234 MB-010) were obtained from R and D Systems.

Cell culture and viruses

Mouse AML-12 cell lines were maintained in DMEM-F12K 1:1 media (obtained from
Cleveland Clinic Cell Culture Services) supplemented with 10% FBS, 100 units/mL
of penicillin, 100 mg/mL of streptomycin, 1x dexamethasone (10008980, Cayman
Chemicals), 1x insulin-selenium-transferrin (41400045, Thermo Fisher Scientific). Mouse
LA-4 cells were maintained in F-12 K media (obtained from Cleveland Clinic Cell Culture
Services) supplemented with 15% FBS, 100 units/mL of penicillin, and 100 mg/mL of
streptomycin. AML-12 cells (CRL-2254), LA-4 cells (CCL-196), Vero cells, and DBT cells were
obtained from ATCC (Manassas, VA, USA).

For generation of RIG-I and MDA-5 knockdown cell lines, lentiviral particles were
generated in HEK cells using shRNA lentiviral vectors (TRCN0000378444, Millipore Sigma
for RIG-I and TRCN0000103646, Millipore Sigma for MDA-5) transfected along with
packaging plasmids (psPAX2, #12260 Addgene and pMD2.G, #12259, Addgene). AML-12
cells were infected with lentiviral particles and selected in the presence of puromycin for
generating stable cell lines.

Vesicular stomatitis virus Indiana strain, mouse hepatitis virus, and Sendai virus used
in the experiments have been described before (4, 6, 43).

Virus infection and quantification

Virus infection was given to cells at MOI 5 for 1 hour in serum-free media. After 1 hour,
serum-free media were replaced by normal media. For VSV quantification, plaque assay
was performed on Vero cells monolayer as described previously (4). The hepatotropic
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and neurotropic strain of MHV-A59 known as RSA59 was used in the study. The MHV
virus propagation and quantification have been described before (6).

For virus infection experiments, cells were either pre-treated with IFN-3 overnight
and infected with MHV/VSV virus (MOI-5), or cells were directly infected with virus and
harvested post infection. Culture supernatant was collected for viral plague assays.

mRNA quantification and western blotting

MiRNeasy Mini Kit (Qiagen) was used for RNA isolation, according to manufacturer’s
protocol. cDNA synthesis was done using Reverse Transcriptase Kit (#4368813, Thermo
Fisher scientific). For real-time PCR, 384 well-format real-time PCR in a Roche Light Cycler
480 Il using SYBR Green PCR reagents (#4309155, Thermo Fisher scientific) was used. The
primer sequences used for RT-PCR are as follows:

Mouse IFN-@ forward—5" CTTCTCCGTCATCTCCATAGGG 3.

Mouse IFN-{3 reverse—5" CACAGCCCTCTCCATCAACT 3'.

Mouse Ifit1 forward—5" CAGAAGCACACATTGAAGAA 3.

Mouse Ifit1 reverse—5" TGTAAGTAGCCAGAGGAAGG 3.

Mouse Ifit2 forward—5" CGGAAAGCAGAGGAAATCAA 3.

Mouse Ifit2 reverse—5’ TGAAAGTTGCCATACCGAAG 3.

Mouse CCL 20 forward—5" GTGGGTTTCACAAGACAGATGGC 3.

Mouse CCL20 reverse—5" CCAGTTCTGCTTTGGATCAGCG 3.

Mouse IL-6 forward—5" ACACATGTTCTCTGGGAAATCGT 3".

Mouse IL-6 reverse—5" AAGTGCATCATCGTTGTTCATACA 3.

For western blotting, cell pellets were lysed in RIPA lysis buffer containing 20 mM
HEPES (pH 7.4), 50 mM NaCl, 2 mM dithiothreitol, 2 mM EGTA, 0.1% SDS, 10 mM Tris-HCI
pH 8.0, 10 mM NaF, 12.5 mM B-glycerophosphate, T mM Na3VOg4, 5 mM Na-pyrophos-
phate, 0.2% (vol/vol) Triton X-100, and protease inhibitors (Roche Applied Science). The
samples were boiled with 4x laemmli buffer and run on SDS-PAGE gel. The protein was
transferred to PVDF membrane and blocked in 5% skim milk in TBST buffer (150 mM
NaCl; Tris, pH 7.4; and 0.1% Tween-20) for 60 min at room temperature and then
incubated with the primary antibody overnight at 4°C. Pierce ECL2 Western Blotting
Substrate (Thermo Scientific) was used to visualize the blots.

Immunoprecipitation

Cells were lysed using Pierce IP lysis buffer (#87787, Thermo Fisher scientific). The cell
lysates were subjected to preclearing step for 1 hour with anti-mouse or anti-rabbit
depending on the source of primary antibody used for IP. After preclearing, the protein
supernatant was incubated with IP antibodies overnight at 4°C with rotation followed by
incubation with protein A/G magnetic dynabeads for 2 hours with rotation. The beads
were washed thrice with IP lysis buffer and boiled in 2x laemmli buffer for 10 min before
loading the sample on SDS-PAGE gel. For FLAG-PACT I.P experiments, FLAG-conjugated
agarose beads were incubated with protein supernatant overnight at 4°C with rotation
followed by 3x washing of beads and boiling with 2x laemmli buffer for 10 min. Western
blot experiments were performed via the indicated antibodies and visualized by Pierce
ECL2 Western Blotting Substrate (Thermo Fisher Scientific).

For I.P experiments, WT or PACT mutants were transfected into Ddx3 KD AML-12 cells
(with PACT minus background). And 24 hours later, virus infection was given, and cells
were harvested 1 hour post infection. For K-63 linkage ubiquitination of RIG-I experi-
ments, WT, Ddx3 knockdown, or PACT-reconstituted knockdown AML-12 was infected
with VSV or MHV virus (MOI-5), and cells were harvested 1 hour post infection.

Construction of PACT mutants

The deletion mutants for PACT with missing domains A1, A2, or A3 were constructed
previously in our lab (30). The phosphodeficient mutants (S246A and S287A) and the
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phosphomimetic mutants (5246D and S287D) of PACT were previously constructed in
our lab (31).

Statistical analysis

All statistical analyses were performed using GraphPad Prism 9.5.1 software. The mean
+ SEM of all biological replicates was used to make graphs. Statistical significance was
calculated by Student’s t-test or by one way ANOVA followed by Tukey’s post hoc test (P
value <0.05 was considered significant, *P < 0.05; **P < 0.01, ***P < 0.001).
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