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ABSTRACT The virus-induced signaling adaptor (VISA) complex plays a critical role
in the innate immune response to RNA viruses. However, the mechanism of VISA
complex formation remains unclear. Here, we demonstrate that thioredoxin 2 (TRX2)
interacts with VISA at mitochondria both in vivo and in vitro. Knockdown and knock-
out of TRX2 enhanced the formation of the VISA-associated complex, as well as
virus-triggered activation of interferon regulatory factor 3 (IRF3) and transcription of
the interferon beta 1 (IFNB1) gene. TRX2 inhibits the formation of VISA aggregates
by repressing reactive oxygen species (ROS) production, thereby disrupting the as-
sembly of the VISA complex. Furthermore, our data suggest that the C93 residue of
TRX2 is essential for inhibition of VISA aggregation, whereas the C283 residue of
VISA is required for VISA aggregation. Collectively, these findings uncover a novel
mechanism of TRX2 that negatively regulates VISA complex formation.

IMPORTANCE The VISA-associated complex plays pivotal roles in inducing type I in-
terferons (IFNs) and eliciting the innate antiviral response. Many host proteins are
identified as VISA-associated-complex proteins, but how VISA complex formation is
regulated by host proteins remains enigmatic. We identified the TRX2 protein as an
important regulator of VISA complex formation. Knockout of TRX2 increases virus- or
poly(I·C)-triggered induction of type I IFNs at the VISA level. Mechanistically, TRX2 in-
hibits the production of ROS at its C93 site, which impairs VISA aggregates at its
C283 site, and subsequently impedes the assembly of the VISA complex. Our find-
ings suggest that TRX2 plays an important role in the regulation of VISA complex as-
sembly.
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Innate immunity is the first line of defense against microbial invasion of an organism.
Upon viral infection, host pattern recognition receptors (PRRs) of the innate immune

system recognize invading viruses and initiate a series of signaling events leading to
the production of type I interferons (IFNs) (including IFN-� and IFN-� family members)
and proinflammatory cytokines (1, 2). Importantly, type I IFNs induce the expression of
a series of IFN-stimulated genes (ISGs), inhibiting viral replication or causing apoptosis
of infected cells and finally resulting in a cellular antiviral response (3, 4).

Viral RNA is recognized by endosomal receptor Toll-like receptor 3 (TLR3), cytosolic
receptor retinoic acid-inducible gene I (RIG-I), and melanoma differentiation-associated
gene 5 (MDA5). TLR3 recognizes double-stranded RNA (dsRNA) produced during viral
replication and then transmits the induction signal of type I IFN through TIR domain-
containing adapter-inducing IFN-� (TRIF)-dependent pathways in immune cells (5).
RIG-I binds to short dsRNA and 5=-triphosphate panhandle RNA, whereas MDA5 rec-
ognizes long dsRNA (6–8). Furthermore, the C-terminal domains of RIG-I, MDA5, and
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RNA helicase act as cytoplasmic sensors for viral RNAs in the majority of cells (1). The
ATP-dependent conformational change allows caspase recruitment domain-containing
proteins (CARDs) to interact with the downstream adaptor protein virus-induced
signaling adaptor (VISA) (also known as MAVS, IPS-1, and Cardif) located at the outer
membrane of the mitochondria. VISA acts as a central scaffold for a virus-induced
complex assembly, which triggers distinct signaling pathways and then leads to NF-�B
and IRF3 activation as well as the subsequent induction of type I IFNs (9, 10).

VISA is associated with the tumor necrosis receptor-associated factor (TRAF) inter-
action domain of TRAF2 and TRAF6, which facilitates Lys-63-linked polyubiquitination
of receptor-interacting serine/threonine protein kinase (RIP) and NF-�B essential mod-
ulator (NEMO)/I�B kinase � (IKK�), respectively. Afterward, the aforementioned pro-
cesses result in activation of IKK and NF-�B (9, 11). VISA is also associated with TRAF3
which is essential for virus-triggered IRF3 activation and type I IFN induction (12–14).
However, the molecular mechanism of VISA complex formation remains rudimentary.

Thioredoxin 2 (TRX2), encoded by a nuclear gene and localized to the mitochondria
by a mitochondrial leader sequence (15), is a small redox protein containing a charac-
teristic dithiol active site motif, Cys-Gly-Pro-Cys, which is highly conserved from bacteria
to humans (16). TRX2 contains two Cys located in the catalytic sites (Cys90 and Cys93)
(17). TRX2 is the main reactive oxygen species (ROS)-scavenging enzyme in mitochon-
dria that balances ROS levels and maintains mitochondrial function in various cells (18).
TRX2 can bind to apoptosis signal-regulating kinase 1 (ASK1), located in the mitochon-
dria, and block ASK1-mediated apoptosis (17). In addition, TRX2 regulates the NF-�B
signaling pathway by interacting with P65 (19). However, it is unclear whether TRX2
interacts with other mitochondrial proteins to regulate type I IFN production.

In the present study, TRX2 was identified as a novel negative regulator of virus-
triggered type I IFN induction and the cellular antiviral response. We further found that
TRX2 interacts with VISA and reduces the formation of VISA aggregates via C283
site-linked repression of ROS production, subsequently resulting in the disruption of
VISA complex assembly. These findings provide new insights into the regulatory
mechanisms of TRX2 in innate immunity.

RESULTS
TRX2 overexpression inhibits the virus-triggered IFN-� signaling pathway.

TRX2 has been reported to exert opposing effects on the antiviral response, such as
blocking or stimulating the tumor necrosis factor alpha (TNF�)-induced NF-�B pathway
mediated by P65 (19, 20). To investigate the regulatory role of TRX2 in virus-triggered
induction of type I IFNs, we performed transient-transfection and reporter assays. The
results showed that TRX2 inhibited activation of the IFN-stimulated response element
(ISRE), Nifty, and the IFN-� promoter approximately 1.5-fold during Sendai virus (SeV)
infection (Fig. 1A to C). Consistent with this finding, TRX2 suppressed activation of the
ISRE and IFN-� promoter about 2- to 3-fold during poly(I·C) treatments (Fig. 1D and E).
Moreover, SeV-triggered phosphorylation of TBK1, IRF3, I�b�, and P65, which is a
hallmark of the activation of virus-triggered IFN induction pathways, was lower in
TRX2-overexpressed cells than in control cells (Fig. 1F). Further experiments indicated
that TRX2 overexpression inhibited SeV-triggered activation of ISRE, Nifty, and the IFN-�
promoter in a dose-dependent manner (Fig. 1H to J). Real-time quantitative PCR
(RT-qPCR) analysis further confirmed that the expression levels of IFNB1, TNF�, inter-
leukin 8 (IL-8), IP-10, ISG56, and IL-6 mRNAs were reduced in TRX2-overexpressed
human embryonic kidney (HEK) 293T and THP-1 cells compared with that in control
cells following SeV infection (Fig. 1K and M) and poly(I·C) stimulation in HEK293T cells
(Fig. 1L). These results suggest that TRX2 inhibits the virus-triggered IFN-� signaling
pathway and the NF-�B signaling pathway.

TRX2 knockdown potentiates virus-triggered IFN-� induction. To investigate
the function of endogenous TRX2 in SeV-triggered type I IFN production, we con-
structed four TRX2-specific RNA interference (RNAi) plasmids, and the results showed
that endogenous TRX2 expression could be reduced by transfection of those TRX2-
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FIG 1 TRX2 inhibits virus- or poly(I·C)-triggered signaling. (A to E) Effects of TRX2 overexpression on SeV- or poly(I·C)-
triggered ISRE, Nifty, and IFN-� promoter activation. HEK293T cells (1 � 105) were transfected with ISRE, IFN-�, Nifty
reporter plasmids (0.1 �g), and the indicated expression plasmids (0.1 �g). At 24 h posttransfection, cells were stimulated
with SeV for 12 h or with poly(I·C) (0.5 �g/ml) for 20 h before luciferase assays. Meanwhile, the unstimulated cells were
served as the controls. (F) Overexpression of TRX2 inhibits SeV-induced phosphorylation of IRF3 and I�b�. TRX2-
overexpressed HEK293T cells were infected with SeV or uninfected for the indicated time points, and then cell lysates were
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specific RNAi plasmids (Fig. 2A). Reporter assays demonstrated that TRX2 knockdown
potentiated activation of ISRE, Nifty, and IFN-� promoter about 1.6- to 2-fold during SeV
infection (Fig. 2B to D). Likewise, TRX2 knockdown also enhanced activation of ISRE and
IFN-� promoter about 1.6- to 2-fold during poly(I·C) treatments (Fig. 2E and F).
Moreover, TRX2 knockdown enhanced SeV-triggered phosphorylation of TBK1, IRF3,
P65, and I�b� (Fig. 2G). RT-qPCR analysis indicated that TRX2 knockdown potentiated
SeV or poly(I·C)-triggered transcription levels of endogenous IFNB1, TNF�, IL-6, IL-8,
ISG56, and IP-10 genes in HEK293T cells (Fig. 2H and I). Similarly, TRX2 knockdown also
potentiated SeV-triggered transcription levels of the above genes in THP-1 cells
(Fig. 2J). Collectively, these results suggest that knockdown of TRX2 increases virus-
triggered IFN-� induction.

TRX2 knockout promotes SeV- and poly(I·C)-triggered IFN-� production. Given
that TRX2 knockout in mice was reported to be embryonic lethal (21), we generated
TRX2-deficient HEK293T and HeLa cells using the CRISPR-Cas9 method to further
examine the roles of TRX2 in the antiviral innate immune response. Immunoblotting
analysis verified that TRX2 was undetectable in TRX2 knockout HEK293T and HeLa cells
(Fig. 3A and Fig. 4A). We next examined endogenous TRX2 function in the regulation
of SeV- and poly(I·C)-triggered signaling. The reporter assays results showed that
SeV-triggered activation of ISRE, Nifty, and IFN-� promoter in TRX2-deficient cells was
about 2-fold higher than those in wild-type cells (Fig. 3A to C and Fig. 4A to C). We also
found that TRX2 knockout increased the expression of IFN-� in HEK293T and HeLa cells
by about 2-fold by ELISA (Fig. 3D and Fig. 4D). Similarly, activation of ISRE, Nifty, and
IFN-� promoter induced by cytoplasmic poly(I·C) was increased about 1.5- to 2-fold in
TRX2-deficient cells compared with wild-type cells (Fig. 3E to G and Fig 4E to G).
Additionally, we found that TRX2 knockout enhanced SeV-triggered phosphorylation of
TBK1, IRF3, P65, and I�b� (Fig. 3H and Fig. 4H) RT-qPCR experiments showed that
SeV-triggered transcription levels of IFNB1, TNF�, IL-8, and ISG56 genes were increased
in TRX2-deficient cells compared with those in wild-type cells (Fig. 3I to L and Fig. 4I to
L). In line with this finding, poly(I·C) enhanced mRNA expression of IFNB1, TNF�, IL-8,
and ISG56 in TRX2-deficient cells compared with wild-type cells (Fig. 3M to P and Fig.
4M to P). These results suggest that TRX2 inhibits SeV-triggered activation of IRF3 and
IFN-�, as well as induction of downstream cytokines and other effectors.

TRX2 knockout inhibits RNA virus replication. Given TRX2 negatively regulates
RIG-I-like receptor (RLR)-mediated induction of type I IFNs, we next examined whether
TRX2 affected cellular antiviral responses. The replications of SeV and vesicular stoma-
titis virus (VSV) were evaluated by immunoblotting analysis utilizing the antibodies
against viral proteins or green fluorescent protein (GFP). We observed that expressions
of the SeV protein and GFP in TRX2-deficient HEK293T (Fig. 5A) or HeLa cells (Fig. 5B)
were lower than those in control cells. Besides, TRX2 knockout inhibited the mRNA
level of SeV P and VSV P proteins (Fig. 5C). To further corroborate these results, VSV
replication was measured by immunofluorescence microscopy and flow cytometry of
VSV tagged with GFP and by plaque assays. The results showed that TRX2 knockout
resulted in the decreased VSV replication, as indicated by the lessened green fluores-
cence immunofluorescence microscopy and flow cytometry assays (Fig. 5D) as well as
about a 1.2-fold decrease in virus titers in the presence or absence of poly(I·C) (Fig. 5E)

FIG 1 Legend (Continued)
analyzed by immunoblotting with the indicated antibodies. (H to J) Dose-dependent effects of TRX2 on SeV-triggered
activation of Nifty, IFN-� promoter, and ISRE. The experiments were performed as described in A to E. Expression of TRX2
was analyzed by immunoblotting. (K) Effects of TRX2 overexpression on SeV-induced transcription of downstream genes
in HEK293T cells. TRX2-overexpressed HEK293T cells were infected with SeV for 12 h before RT-qPCR analysis. Expression
of TRX2 was analyzed by immunoblotting. (L) Effects of TRX2 overexpression on cytoplasmic poly(I·C)-induced transcription
of downstream genes. TRX2-overexpressed HEK293T cells were transfected with poly(I·C) (1 �g/ml) for 20 h before RT-qPCR
analysis. (M) Effects of TRX2 overexpression on SeV-induced transcription of downstream genes in THP-1 cells. The
experiments were performed as described in K. Expression of TRX2 was analyzed by immunoblotting. Data are shown as
mean � SD of three independent experiments. RT-qPCR, real-time quantitative PCR; EV, empty vector; Con, control; Luc,
luciferase.
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FIG 2 Effects of TRX2 knockdown on signaling triggered by various stimuli. (A) Effects of TRX2-RNAi plasmids on
endogenous TRX2 expression. HEK293T cells (2 � 105) were transfected with control or indicated TRX2-RNAi plasmids
(1 �g) for 24 h. Cell lysates were analyzed by immunoblotting with antibodies against TRX2 and �-actin. (B to D) Effects
of TRX2-RNAi on SeV-induced activation of ISRE, Nifty, and IFN-� promoter. TRX2-knockdown HEK293T cells (1 � 105) were
transfected with luciferase reporter plasmid (0.1 �g) for 24 h, and then cells were uninfected or infected with SeV for 12
h before luciferase assays. (E and F) Effects of TRX2-RNAi on poly(I·C)-induced activation of ISRE and the IFN-� promoter.
TRX2-knockdown HEK293T cells (1 � 105) were transfected with luciferase reporter plasmid (0.1 �g) for 24 h, and then cells
were stimulated with poly(I·C) (0.5 �g/ml) for 20 h before luciferase assays. (G) TRX2 knockdown increases SeV-induced

(Continued on next page)
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in TRX2-deficient HEK293T and HeLa cells. Collectively, these observations suggest that
TRX2 positively regulates RNA virus replication by inhibiting antiviral signaling.

TRX2 regulates virus-triggered signaling through interactions with VISA. Con-
sidering that the aforementioned experiments suggest that TRX2 is required for
virus-triggered IRF3 and NF-�B activation, we next investigated the molecular mecha-
nism mediated by TRX2. TRX2 overexpression inhibited IFN-� promoter activation
induced by overexpression of upstream components RIG-I (CARD), MDA5, and VISA but
not by downstream components TBK1, IKK�, IRF3, and IRF7 (Fig. 6A). Similarly, ISRE
activation induced by VISA, but not TBK1, was inhibited by TRX2 overexpression
(Fig. 6B). Hence, these data suggest that TRX2 regulates virus-induced signaling at the
VISA level. Previous study has shown that TRX2 is localized in mitochondria (15). Given
that VISA is a mitochondrial adaptor protein recruiting various components for assem-
bly of a signaling complex after viral infection, we next investigated whether TRX2 is
recruited to the VISA-associated complex on the mitochondria. Transient-transfection
and coimmunoprecipitation (co-IP) experiments indicated that TRX2 was associated
with VISA and TRAF3 but not with RIG-I, MDA5, cyclic GMP-AMP synthase (cGAS),
mediator of IRF3 activation (MITA), TBK1, IKK�, IRF3, and IRF7 (Fig. 6C). Endogenous
co-IP experiments further demonstrated that TRX2 was associated with VISA in
HEK293T cells following SeV infection (Fig. 6D). These data suggest that TRX2 regulates
virus-triggered signaling through interactions with VISA.

Effects of TRX2 on VISA-associated complex assembly. To further explore the
mechanisms for the involvement of TRX2 in virus-triggered signaling, we assessed TRX2
function on the assembly of the VISA-associated complex. Interestingly, the transient-
transfection and co-IP experiments showed that TRX2 overexpression impaired the
association of VISA with TBK1 or TRAF6 but not with TRAF3 (Fig. 7A). Besides, we
examined the role of TRX2 in the assembly of the endogenous VISA complex. Com-
pared with the control cells, TRX2 overexpression inhibited recruitment of TBK1 and
TRAF6 to the endogenous VISA complex (Fig. 7B). Consistently, TRX2 knockdown
potentiated the association of VISA with TBK1 or TRAF6 (Fig. 7C). In line with this, TRX2
knockout enhanced recruitment of TBK1 and TRAF6 to the VISA complex (Fig. 7D and
E). In addition, SeV infection, hydrogen peroxide (H2O2), and dithiothreitol (DTT)
treatment did not affect the mitochondrial localization of TRX2 and VISA in HEK293T
cells (Fig. 8A and B). Furthermore, mitochondrial localization of VISA in HEK293T cells
was not altered by TRX2 knockout (Fig. 8C). We further found that the VISA aggregation
was increased in cells treated with SeV or H2O2 (Fig. 8D and E). To explore the role of
TRX2 in H2O2-mediated VISA aggregation, TRX2 knockout HEK293T cells were trans-
fected with TRX2 or/and HA-VISA after treatment with H2O2. The results showed that
TRX2 knockout, but not reconstitution of TRX2 in TRX2 knockout HEK293T cells,
increased H2O2-mediated VISA aggregation (Fig. 8F). We also found that H2O2 increased
the reconstitution of VISA aggregation in VISA knockout HEK293T cells (Fig. 8G).
Collectively, these results reveal that TRX2 attenuates the recruitment of TBK1 and
TRAF6 to the VISA-associated complex on the mitochondria.

TRX2 inhibits VISA aggregation. Zhao et al. have demonstrated that cytochrome
c oxidase subunit 5B (COX5B) suppressed VISA aggregation through repressing ROS
production, which balances the antiviral signaling activity (22). TRX2 plays a crucial role
in defense against oxidative stress (23). To further explore the mechanisms for TRX2

FIG 2 Legend (Continued)
phosphorylation of IRF3 and I�b�. TRX2-knockdown HEK293T cells (2 � 105) were infected with SeV or uninfected for the
indicated time points, and cell lysates were analyzed by immunoblotting with the indicated antibodies. (H) Effects of
TRX2-RNAi on SeV-induced transcription levels of downstream genes in HEK293T cells. TRX2-knockdown HEK293T cells
were infected with SeV for the indicated time points prior to RT-qPCR analysis. (I) Effects of TRX2-RNAi on cytoplasmic
poly(I·C)-induced transcription of downstream genes in HEK293T cells. TRX2-knockdown HEK293T cells were transfected
with poly(I·C) (1 �g/ml) for 20 h prior to RT-qPCR analysis. (J) Effects of TRX2-RNAi on SeV-induced transcription levels of
downstream genes in THP-1 cells. The experiments were performed as described in H. Expression of TRX2 was analyzed
by immunoblotting. Data are shown as mean � SD of three independent experiments. Coni, control-RNAi; RT-qPCR,
real-time quantitative PCR; Luc, luciferase.
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FIG 3 Effects of TRX2 knockout on virus-triggered signaling. (A to C) Effects of TRX2 knockout on SeV-triggered
activation of Nifty, ISRE, and IFN-� promoter. TRX2 knockout HEK293T cells were transfected with the indicated
reporter plasmids (0.1 �g). After 24 h posttransfection, cells were uninfected or infected with SeV for 12 h before
luciferase assays. Expression of TRX2 was analyzed by immunoblotting. (D) Effects of TRX2 knockout on IFN-�
secretion in medium supernatant. TRX2 knockout HEK293T cells (1 � 105) were infected with SeV for 18 h, and then
enzyme-linked immunosorbent assay (ELISA) was performed to detect the secreted IFN-� level in the supernatant.
(E to G) Effects of TRX2 knockout on cytoplasmic poly(I·C)-triggered activation of Nifty, ISRE, and IFN-� promoter.
TRX2 knockout cells were transfected with the indicated reporter plasmids (0.1 �g) for 24 h, and then cells were
retransfected with poly(I·C) (0.5 �g/ml) for 20 h prior to luciferase assays. (H) TRX2 knockout increases SeV-induced
phosphorylation of IRF3 and I�b�. TRX2 knockout cells were infected with SeV or uninfected for the indicated time

(Continued on next page)
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involvement in virus-triggered signaling, we examined the roles of TRX2 in VISA
aggregation. TRX2 overexpression reduced VISA aggregation (Fig. 9A), whereas TRX2
knockout increased VISA aggregation both in HEK293T and HeLa cells after SeV
infection (Fig. 9B). A previous study reported that ROS could enhance disulfide bond
formation (24). Therefore, we investigated if the disulfide bond of VISA influences VISA
aggregation. We first identified 10 conserved cysteine residues (C13, C20, C33, C46, C79,
C133, C283, C435, C452, and C508) of VISA by sequence analysis and then constructed
a series of VISA mutants through mutating those cysteine residues to serine. As shown
in Fig. 9D, mutation of C283 to serine reduced VISA aggregation. We further found that
TRX2 knockout and reconstitution of TRX2C93S and TRX2C90/93S, but not reconstitu-
tion of TRX2 and TRX2C90S in TRX2 knockout HEK293T cells, increased VISA-mediated
activation of the IFN-� promoter (Fig. 9E). In reporter assays, VISA C283S inhibited
VISA-triggered activation of the IFN-� promoter and ISRE, whereas TRX2 did not affect
VISA C283S-triggered activation of the IFN-� promoter and ISRE (Fig. 9F and G). In
addition, we found that TRX2 did not affect the expression of VISA and its mutants (Fig.
9H). Further experiments indicated that TRX2-inactivated mutants (individual C93
mutation or double C90 and C93 mutation) exhibited no effect on VISA aggregation
(Fig. 9I). Collectively, these results suggest that the TRX2 C93 residue is essential for
inhibition of VISA aggregation, whereas the VISA C283 residue is required for its
aggregation.

TRX2 inhibits VISA signaling via repressing ROS production. We next deter-
mined the molecular mechanism underlying the action of TRX2 in the VISA-mediated
antiviral pathway. Previous studies have revealed that VISA overexpression increased
ROS production (22). To assess the effect of VISA, VISAC283S, TRX2, TRX1, and mito-
TEMPO on ROS production, fluorescence-activated cell sorter (FACS) analysis was
conducted after transfection of empty vector, VISA, TRX2, TRX1, and VISAC283S plas-
mids or treated with mito-TEMPO. VISA, but not VISAC283S transfection, led to the
upregulation of cellular and mitochondrial ROS production, whereas TRX2 and mito-
TEMPO inhibited cellular and mitochondrial ROS production (Fig. 10A). Importantly,
TRX1 inhibited cellular ROS production but not mitochondrial ROS production (Fig. 10A). To
explore the role of TRX2 mutants in VISA aggregation, reconstitutions of TRX2 mutants
in TRX2 knockout HEK293T cells were transfected with hemagglutinin (HA)-VISA after
treatment or no treatment with mito-TEMPO. The results showed that reconstitution of
TRX2 and TRX2C90S, but not TRX2C93S in TRX2 knockout HEK293T cells, inhibited VISA
aggregation. Moreover, mito-TEMPO reversed the effect of TRXC93S on VISA aggrega-
tion (Fig. 10B). Previous studies have unraveled that TRX2 knockout resulted in the
dysfunction of mitochondria in cultured cells and an increase of ROS production,
suggesting that TRX2 has a critical role in mitochondrial electron transport and oxygen
tolerance (18). We then identified whether TRX2 and its inactivated mutants (TRX2C90S
and TRX2C93S) had an impact on ROS production induced by VISA or VISAC283S. The
results suggest that overexpression of TRX2 and TRX2C90S, but not TRX2C93S, inhibited
the ROS increase induced by VISA (Fig. 10C). In contrast, the VISAC283S mutant did not
affect the ROS decrease by TRX2 or TRX2C90S (Fig. 10C). In addition, coexpression of
VISAC283S and TRX2C93S did not affect ROS production compared with the controls
(Fig. 10C). To further investigate the effects of TRX2 on the ROS increase induced by
VISA, we determined whether TRX2 knockout promoted VISA-induced enhanced ROS
production. The results indicated that TRX2-deficient HEK293T cells or HeLa cells
potentiated ROS production induced by VISA, but not VISAC283S (Fig. 10D and E).

FIG 3 Legend (Continued)
points; subsequently, cell lysates were analyzed by immunoblotting with the indicated antibodies. (I to L) Effects
of TRX2 knockout on SeV-induced transcription levels of downstream genes. TRX2 knockout HEK293T cells were
infected with SeV for the indicated time points prior to RT-qPCR analysis. (M to P) Effects of TRX2 knockout on
cytoplasmic poly(I·C)-induced transcription levels of downstream genes. TRX2 knockout HEK293T cells were
transfected with poly(I·C) (1 �g/ml) for 20 h prior to RT-qPCR analysis. Data are shown as mean � SD of three
independent experiments. KO, knockout; WT, wild type; RT-qPCR, real-time quantitative PCR; Luc, luciferase.
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FIG 4 Effects of TRX2 knockout on virus-triggered signaling. (A to C) Effects of TRX2 knockout on SeV-triggered
activation of Nifty, ISRE, and IFN-� promoter. TRX2 knockout HeLa cells were transfected with the indicated reporter
plasmids (0.1 �g). After 24 h posttransfection, cells were uninfected or infected with SeV for 12 h before luciferase
assays. Expression of TRX2 was analyzed by immunoblotting. (D) Effects of TRX2 knockout on IFN-� secretion in
medium supernatant. TRX2 knockout HeLa cells (1 � 105) were infected with SeV for 18 h, and then ELISA was
performed to detect the secreted IFN-� level in the supernatant. (E to G) Effects of TRX2 knockout on cytoplasmic
poly(I·C)-triggered activation of Nifty, ISRE, and IFN-� promoter. TRX2 knockout cells were transfected with Nifty,
ISRE, or IFN-b promoter reporter plasmids (0.1 �g). After 24 h posttransfection, cells were retransfected with buffer
or poly(I·C) (0.5 �g/ml) for 20 h prior to luciferase assays. (H) Knockout of TRX2 increases SeV-induced phosphor-
ylation of IRF3 and I�b�. TRX2 knockout cells were infected with SeV or were uninfected for the indicated time
points. Cell lysates were analyzed by immunoblotting with the indicated antibodies. (I to L) Effects of TRX2
knockout on SeV-induced transcription of downstream genes. TRX2 knockout HeLa cells were infected with SeV for

(Continued on next page)
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Taken together, our data indicate that TRX2 negatively regulates VISA signaling
through repressing ROS production.

The TRX2 C93 site and VISA C283 site play vital roles in the assembly of the
VISA complex. To identify whether the active sites of TRX2 affect the assembly of
the VISA complex, the transient-transfection and co-IP experiments were performed.
The TRX2 C90S mutant disrupted the assembly of VISA-TBK1 complex, whereas TRX2
C93S and TRX2 C90/93S mutants lost this ability (Fig. 11A to C). Similarly, the TRX2 C90S
mutant, but not TRX2 C93S and TRX2 C90/93S mutants, impeded the assembly of the
VISA-TRAF6 complex (Fig. 11D to F). We further interrogated whether the VISA C283 site
is a key determinant of TRX2-mediated formation of the VISA complex via the co-IP
experiment. Interestingly, we observed that TRX2 overexpression did not affect the
assembly of the VISA C283S-TBK1/TRAF6 complex (Fig. 11G and H). Taken together,
these data indicate that the TRX2 C93 site and VISA C283 site play pivotal roles in the
assembly of the VISA complex.

DISCUSSION

Previous studies have revealed that the mitochondrial outer membrane protein VISA
plays a central role in an assembly complex mediating IRF3 and NF-�B activation in
response to viral infection (9, 25–27). Several lines of evidence suggest that some host
proteins act as a VISA-associated component required for virus-triggered activation of
IRF3 and NF-�B as well as induction of IFN-�, such as WD repeat domain 5 (WDR5) (28),
ECSIT signaling integrator (ECSIT) (29), and ring finger protein 5 (RNF5) (30). In the
present study, we showed that TRX2 inhibited virus-triggered activation of IRF3 and
NF-�B as well as IFN-� induction through disrupting the formation of the VISA-
associated signaling complex.

VISA plays the central role in the RLR-mediated antivirus signaling pathway (31).
VISA is associated with TRAF3 and TRAF6 through its TRAF-interacting motifs to activate
IRF3 and NF-�B, respectively (9, 12, 27). Nevertheless, TRAF6 plays an important role in
the activation of IRF3 and NF-�B, whereas TRAF3 is dispensable for TBK1 and IRF3
activation (32, 33). In addition, G patch domain-containing protein 3 (GPATCH3) has
been identified to negatively regulate RLR-mediated activation of IRF3 and NF-�B
through interrupting the binding of VISA to TRAF6 but not TRAF3 (34). Consistent with
this, we identified TRX2 as a negative regulator of RLR-mediated activation of IRF3 and
NF-�B by interrupting the binding of VISA to TRAF6 but not TRAF3. Additionally, UBX
domain protein 1 (UBXN1) negatively regulates VISA function by competing for the
TRAF-binding motifs of VISA to block recruitment of TRAF3 and TRAF6 (35). The
GPATCH3 disruption assembly of the VISA-complex was dependent on the membrane
localization of VISA to inhibit RLR-mediated activation of both IRF3 and NF-�B (34). The
mechanism of TRX2-mediated assembly of the VISA complex is different from UBXN1
and GPATCH3. Here, our findings demonstrated that TRX2 interacted with VISA and
negatively regulates the function of VISA by impairing VISA aggregates.

The TRAF3 sequence was highly homologous to TRAF6, all of which contain a
conserved TRAF domain, a TRAF-C domain, an N-terminal RING domain, and zinc finger
motifs (36, 37). Notably, both TRAF3 and TRAF6 were constitutively associated with VISA
(28). However, several divergences have been reported about the function of TRAF3
and TRAF6. For instance, the TRAF6-dependent pathway targets mitogen-activated
protein kinases (MAPKs) and IKK, resulting in the activation of transcription factors, such
as AP-1 and NF-�B, that participate in the induction of proinflammatory cytokines.
However, TRAF3 is dispensable for MAPK and IKK activation or production of proin-
flammatory cytokines (14). In this study, we found that TRX2 negatively regulated type

FIG 4 Legend (Continued)
the indicated time points prior to RT-qPCR analysis. (M to P) Effects of TRX2 knockout on cytoplasmic poly(I·C)-
induced transcription of downstream genes. TRX2 knockout HeLa cells were transfected with poly(I·C) (1 �g/ml) for
20 h prior to RT-qPCR analysis. Data are shown as mean � SD of three independent experiments. RT-qPCR,
real-time quantitative PCR; KO, knockout; WT, wild type.
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FIG 5 TRX2 knockout negatively regulates the cellular antiviral response. TRX2-deficient HEK293T cells (A) or HeLa cells (B)
were infected with SeV or VSV-GFP (MOI, 0.1) for the indicated time points, and then the cell lysates were analyzed by
immunoblotting with the antibodies against SeV protein, GFP, or �-actin protein. (C) Effects of TRX2 deficiency on SeV and

(Continued on next page)
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I IFNs by disrupting the VISA-TBK1 interaction and VISA-TRAF6 interaction but not the
VISA-TRAF3 interaction, supporting the view that TRAF3 and TRAF6 really display a
different function.

ROS have emerged as important players in regulating innate immunity, particularly
in the antiviral signaling pathway (38, 39). It has been demonstrated that ROS are
essential for effective activation of signaling pathways, thereby leading to a successful
innate immune response against herpes simplex virus (HSV) infection (39). Previous
studies have revealed that NADPH oxidase 2 (NOX2) and ROS are critical for the ability
of the host cell to trigger an efficient RIG-I-mediated IRF3 activation and downstream
antiviral genes through regulation of VISA expression (38). In addition, COX5B down-
regulated VISA signaling by repressing ROS production and negatively regulated
cellular antivirus response (22). Here, we found that TRX2 inhibited the VISA-mediated
signaling pathway by impairing ROS production, which is consistent with the above
views; however, we found that ROS affected VISA aggregation and resulted in the
disruption of the VISA complex formation.

C90 and C93 sites of TRX2 have an important role in TRX2 function (23). It has been
demonstrated that the reaction mechanism of TRX2 involves an initial C90 thiolate
attack on target disulfides followed by a reduction of the intermediate TRX2 target
protein disulfide by C93 (23). In addition, the C90 site of TRX2, but not the C93 site, is
critical for ASK1 binding (17), suggesting that C90 and C93 sites of TRX2 exhibit
different functions. In this study, we found that the TRX2 C93 site, but not C90, was
involved in inhibiting the VISA-mediated signaling pathway, indicating that TRX2 C93S
and TRX2 C90S have distinct functions in inhibiting the VISA-mediated signaling
pathway. However, the mechanisms that display the different functions at the C90 and
C93 sites of TRX2 need to be elucidated in the future.

In conclusion, we propose a working model of TRX2-mediated regulation of VISA-
mediated innate antiviral responses to RNA viruses. In resting cells, TRX2 constitutively
interacts with VISA in mitochondria. TRX2 inhibited the VISA-triggered signaling path-
way at the VISA C283 site by repressing ROS production, which disrupts the VISA-TBK1
and VISA-TRAF6 interaction. Overall, our results provide important insights into the
molecular mechanisms of VISA complex formation.

MATERIALS AND METHODS
Reagents, antibodies, and cells. Antibodies against Myc, TRX2, VISA, p-P65, P65, p-IRF3, IRF3,

p-I�b�, and I�b� were all purchased from Cell Signaling; AIF antibody (mitochondrial marker) was from
Santa Cruz Biotechnology; anti-Flag, anti-HA, and anti-�-actin were from Sigma; horseradish peroxidase
(HRP)-conjugated anti-mouse IgG and anti-rabbit IgG were from Thermo; and HRP-conjugated anti-goat
IgG was from Zhong Shan Jin Qiao. SeV and VSV-GFP were previously described (40, 41). VISA knockout
HEK293T cells were provided by the indicated investigators (Hong-Bing Shu, Wuhan University). Rabbit
polyclonal anti-SeV was as previously described (42). HEK293T cells, THP-1 cells, and HeLa cells were
cultivated as previously described (9, 43).

Plasmids. Luciferase reporter plasmids under the control of Nifty (a NF-�B reporter), ISRE, and IFN-�
promoter as well as mammalian expression plasmids encoding RIG-I (CARD), MDA5, VISA, TBK1, IKK�,
TRAF6, IRF3, and IRF7 were generated as previously described (44). Cytomegalovirus (CMV) promoter-
based mammalian expression plasmids encoding Myc- or Flag-tagged TRX2 and Flag-tagged TRX1 were
constructed by standard molecular biology techniques. Mammalian expression plasmids for VISA or TRX2
mutants were generated via the standard mutagenesis method.

Reporter assays. The corresponding plasmids were transfected into HEK293T cells (1 � 105) by
standard calcium phosphate precipitation for 12 h. To normalize the transfection efficiency, 0.01 �g of
pRL-TK (Renilla luciferase) reporter plasmid was added to each transfection. Luciferase reporter assays

FIG 5 Legend (Continued)
VSV infection. TRX2-deficient HEK293T cells were infected with SeV for 12 h or VSV-GFP (MOI, 0.1) for 4 h. Similarly,
TRX2-deficient HeLa cells were infected with SeV or VSV-GFP (MOI, 0.1) for 12 h. The uninfected cells were regarded as the
controls. The mRNA levels of SeV P and VSV P proteins were determined by RT-qPCR. (D) TRX2-deficient HEK293T cells (left)
or HeLa cells (right) were infected with VSV-GFP (MOI, 0.1) for 4 h (HEK293T) or 12 h (HeLa). Cell images were captured by
fluorescence microscopy. In addition, the GFP fluorescence levels in VSV-GFP-infected cells were analyzed by flow
cytometry. (E) Effects of TRX2-deficient HEK293T cells (left) or HeLa cells (right) on VSV titer. TRX2-deficient HEK293T or
HeLa cells were transfected with 1 �g/ml poly(I·C) for 16 h and then infected with VSV-GFP (MOI, 0.1) for 18 h. Supernatants
were analyzed for evaluating VSV production by standard plaque assays. Data are shown as mean � SD of three
independent experiments. KO, knockout; WT, wild type; RT-qPCR, real-time quantitative PCR.
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were carried out utilizing a dual-specific luciferase assay kit (Promega). Firefly luciferase activities were
measured and normalized based on Renilla luciferase activities. Here, all reporter assays were repeated
in triplicate.

Semidenaturing detergent agarose gel electrophoresis. Semidenaturing detergent agarose gel
electrophoresis (SDD-AGE) was implemented according to a previous protocol (45, 46). Briefly, cells were
homogenized in a buffer (10 mM Tris-HCl [pH 7.5], 10 mM KCl, 1.5 mM MgCl2, 0.25 M D-mannitol, and
Roche EDTA-free protease inhibitor cocktail) by repeated douncing. Crude mitochondria (P5) were
resuspended and loaded onto a vertical 1.5% agarose gel after differential centrifugation and purifica-
tion. Ultimately, electrophoresis and immunoblotting were conducted as previously described (45).

Co-IP and immunoblotting analysis. For transient-transfection and exogenous co-IP experiments,
HEK293T cells (2 � 106) were transfected with the indicated plasmids for 24 h. Then, cells were lysed in

FIG 6 TRX2 interacts with VISA and targets upstream of VISA. (A and B) Effects of TRX2 on the activation of IFN-� promoter
and ISRE. HEK293T cells (1 � 105) were transfected with IFN-� promoter, ISRE reporter plasmids (0.1 �g), and the indicated
expression plasmids (0.1 �g each). Luciferase assays were performed at 24 h posttransfection. (C) TRX2 interacts with VISA.
HEK293T cells were transfected with the indicated plasmids for 24 h before co-IP and immunoblotting analyses. The sample
quantity was too large, so different protein gels were used for detecting IP samples. (D) Endogenous associations between
TRX2 and VISA. HEK293T cells were uninfected or infected with SeV for the indicated time points prior to co-IP and
immunoblotting analyses. Data are shown as mean � SD of three independent experiments. Co-IP, Coimmunoprecipitation;
EV, empty vector; F, Flag tag; �F, anti-Flag; Luc, luciferase.
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1 ml of lysis buffer (15 mM Tris [pH 7.5], 150 mM NaCl, 1% Triton, 25 mM KCl, 2 mM EGTA, 2 mM EDTA,
0.1 mM dithiothreitol, 0.5% Triton X-100, 10 �g/ml aprotinin, 10 �g/ml leupeptin, and 0.5 mM phenyl-
methylsulfonyl fluoride). For each immunoprecipitation, a 0.4-�l aliquot of lysate was incubated with 0.2
�g of the indicated monoclonal antibody or control mouse IgG and 20 �l of GammaBind G Plus
Sepharose (Amersham Biosciences) for 2 h at 4°C. The Sepharose beads were washed three times with
1 ml of lysis buffer containing 0.5 M NaCl. The precipitates were analyzed as previously described (47, 48).

For endogenous co-IP experiments, cells were uninfected or infected with SeV for the indicated time
points. Cells were then lysed in 5 ml of lysis buffer, and the lysate was incubated with 1 �g of the
indicated antiserum or preimmune control serum. The subsequent procedures were carried out as
aforementioned.

FIG 7 Effects of TRX2 on assembly of the VISA-associated complex. (A) Overexpression of TRX2 disrupts the
VISA-associated complex assembly. HEK293T cells (2 � 106) were transfected with the indicated plasmids (5 �g
each). Co-IP and immunoblotting analyses were conducted with the indicated antibodies. (B) TRX2-overexpressed
HEK293T cells were infected with SeV for indicated time points before co-IP and immunoblotting analyses. (C)
Knockdown of TRX2 enhanced the VISA-associated complex assembly. The experiments were performed as
described in B. (D and E) TRX2 knockout enhanced assembly of the VISA-associated complex in HEK293T and HeLa
cells. TRX2 knockout cells were infected with SeV for the indicated time points before co-IP and immunoblotting
analyses. Co-IP, coimmunoprecipitation; EV, empty vector; �F, anti-Flag; �V, anti-VISA, Coni, control RNAi; WT, wild
type; KO, knockout; HC, heavy chain.
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ROS evaluation and flow cytometric analysis. Cells were stained with MitoSOX at a final concen-
tration of 5 �m for 30 min at 37°C in the dark to measure the mitochondrial ROS superoxide content.
Similarly, cells were stained with 2.5 �m of CM-H2DCFDA (DCF; Molecular Probes, Invitrogen) for 15 min
at 37°C in the dark to measure the total cellular ROS content. Cells were then washed with PBS solution
and resuspended in phosphate-buffered saline (PBS) solution containing 1% fetal bovine serum (FBS) for
FACS analysis. All data were analyzed with Cell Quest software.

RT-qPCR. Total RNA was isolated from HEK293T cells utilizing the TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. Then, RT-qPCR analysis was performed to measure expressions of IFNB1,
TNF�, IL-8, IL-6, IP-10, ISG56, SeV P, VSV P, and GAPDH genes with the primers listed in Table 1.

FIG 8 TRX2 and VISA are localized at mitochondria. (A) Cell fractionation and immunoblotting analysis of the subcellular
fractions were conducted after viral infection. HEK293T cells were infected with SeV for the indicated time points or uninfected.
Cell fractionations were performed and then the fractions were analyzed in equal volume by immunoblotting with the
indicated antibodies. (B) Cell fractionation and immunoblotting analysis of the subcellular fractions were performed after
treatment with H2O2 and DTT. HEK293T cells were treated with H2O2 (10 mM) and DTT (5 mM) for the indicated time points
or untreated. Cell fractionation was collected, and then the fractions were analyzed in equal volume by immunoblotting with
the indicated antibodies. (C) TRX2 knockout did not affect the mitochondrial location of VISA in HEK293T cells. TRX2 knockout
HEK293T cells were infected with SeV for the indicated time points or uninfected. Cell fractionation was collected, and then
the fractions were analyzed in equal volume by immunoblotting with the indicated antibodies. (D) H2O2 treatment increased
the formation of VISA aggregation. Crude mitochondrial extracts were isolated from HEK293T cells treated for 30 min with
H2O2 (10 mM), and then aliquots of the extracts were analyzed by SDD-AGE and SDS-PAGE. (E) Viral infection increased the
formation of VISA aggregation. Crude mitochondrial extracts were isolated from HEK293T cells infected with SeV for the
indicated time points, and then aliquots of the extracts were analyzed by SDD-AGE and SDS-PAGE. (F) TRX2 knockout increased
H2O2-mediated VISA aggregation. TRX2 knockout or reconstitution of TRX2 in TRX2 knockout HEK293T cells were transfected
with HA-VISA for 24 h after treating for 30 min with H2O2 (10 mM), and then the cell extracts were analyzed by SDD-AGE and
SDS-PAGE. (G) H2O2 increased VISA aggregation. The experiments were performed as described in F. Con, control; EV, empty
vector. KO, knockout; WT, wild type.
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FIG 9 TRX2 suppresses VISA aggregation. (A) Overexpression of TRX2 inhibited VISA aggregation. HEK293T cells were
transfected with the indicated plasmids for 24 h. Thereafter, crude mitochondrial extracts were isolated, and then aliquots
of the extracts were subjected to SDD-AGE and SDS-PAGE assays utilizing the indicated antibodies. (B and C) Knockout of
TRX2 promoted VISA aggregation in HEK293T and HeLa cells. TRX2-deficient HEK293T and HeLa cells were uninfected or
infected with SeV for the indicated time points. Crude mitochondrial extracts were prepared, and SDD-AGE and SDS-PAGE
assays were performed using VISA or TRX2 antibodies. (D) Effects of VISA and its mutants on VISA aggregation. The
experiments were performed as described in A. (E) Effects of TRX2 mutants on VISA triggered the activation of the IFN-�
promoter. TRX2-knockout HEK293T cells (1 � 105) were transfected with the indicated reporters (0.1 �g) and plasmids
encoding VISA (0.1 �g) for 24 h before reporter assays. (F and G) Effects of VISA and its mutants on the activation of IFN-�
promoter and ISRE. The experiments were performed as described in E. (H) Effects of TRX2 on the expression of VISA and
its mutants. HEK293T cells were transfected with the indicated plasmids (0.4 �g) for 24 h before immunoblotting analysis.
(I) Effects of TRX2 and its mutants on VISA aggregation. The experiments were performed as described in A. Data are shown
as mean � SD of three independent experiments. WT, wild type; KO, knockout; EV, empty vector; Luc, luciferase; Con,
control.
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FIG 10 TRX2 mediates VISA signaling by repressing ROS production. (A) Effects of TRX2, TRX1, mito-TEMPO, or VISA or its
mutant (VISAC283S) on ROS production in HEK293T cells. TRX2, TRX1, VISA, VISAC283S mutant, or empty vector were
transfected into HEK293T cells for 24 h. Cells were treated with DMSO or Mito-TEMPO (250 �m) for 8 h. Cells were collected
for FACS analysis to check cellular or mitochondrial ROS production by staining with DCF (left) or MitoSOX (right),
respectively. Results were presented relative to the FACS mean fluorescence intensity over control cells. (B) Effects of TRX2
mutants or mito-TEMPO on VISA aggregation. Reconstitutions of TRX2 mutants in TRX2 knockout HEK293T cells were
transfected with HA-VISA for 24 h after treatment or no treatment with mito-TEMPO (250 �m) for 8 h. Thereafter, crude

(Continued on next page)
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RNA interference. Double-strand oligonucleotides targeting human TRX2 (number 1, 5=-GGATCTC-
CTTGACAACCTTTA-3=; number 2, 5=-GGCCAAGGTGGATATTGATGA-3=; number 3, 5=-GACTTCTTCTGAG-
GAGGTTCC-3=; and number 4, 5=-GATCTCCTTGACAACCTTTAA-3=) were cloned into the pSuper. Retro
RNAi plasmid (Oligoengine, Seattle, WA).

RNAi-transduced HEK293T cells. HEK293T cells (1 � 106) were transfected with two packaging
plasmids (10 �g of pGag-Pol and 3 �g of pVSV-G) combined with a control or TRX2-RNAi retroviral
plasmid (10 �g) by the calcium phosphate precipitation method. At 12 h later, cells were incubated with
antibiotic-free medium for an additional 24 h. The recombinant virus-containing medium was filtered
and used to infect HEK293T cells in the presence of Polybrene (4 �g/ml). The infected HEK293T cells were
selected with puromycin (0.5 �g/ml) for 14 days before conducting additional experiments.

Knockout of TRX2 HEK293T and HeLa cell lines by CRISPR-Cas9. To generate TRX2 knockout cell
lines, double-stranded oligonucleotides corresponding to the target genes were cloned into the
lenti-CRISPR-V2 vector and cotransfected with packaging plasmids into HEK293T cells. Thereafter,
HEK293T and HeLa cells were infected with lentivirus, and infected cells were selected with
puromycin (1 �g/ml) for 14 days. The following sequences were applied for targeting human TRX2
cDNA: 5=-GTGGTGTATATTGTCCGGGC-3= (number 1) and 5=-CCCGGACAATATACACCACG-3= (number 2).

FIG 10 Legend (Continued)
mitochondrial extracts were isolated, and then aliquots of the extracts were subjected to SDD-AGE and SDS-PAGE assays
utilizing the indicated antibodies. (C) Effects of TRX2 overexpression and its mutants on ROS production in HEK293T cells
induced by VISA or VISAC283S. HEK293T cells were transfected with indicated plasmids for 24 h. Cells were collected for
FACS analysis to check cellular or mitochondrial ROS production by staining with DCF (left) or MitoSOX (right), respectively.
Results were presented relative to the FACS mean fluorescence intensity over control cells. (D) Effects of VISA overex-
pression or its mutant (VISAC283S) on ROS production in TRX2-deficient HEK293T cells. The experiments were performed
as described in B. (E) Effects of VISA overexpression or its mutant (VISAC283S) on ROS production in TRX2-deficient HeLa
cells. The experiments were performed as described in B. Data are shown as mean � SD of three independent experiments.
ROS, reactive oxygen species; WT, wild type; EV, empty vector; KO, knockout.

FIG 11 Effects of TRX2 or its mutants on the assembly of VISA- or its mutant-associated complex. (A to C) Effects of TRX2
mutants on VISA-TBK1 assembly. HEK293T cells (2 � 106) were transfected with the indicated plasmids (5 �g each), and
then co-IP and immunoblotting were performed with the indicated antibodies. (D to F) Effects of TRX2 mutants on
VISA-TRAF6 assembly. The experiments were performed as described in A. (G and H) Effects of TRX2 on VISAC283S-TBK1/
TRAF6 assembly. The experiments were performed as described in A. Co-IP, coimmunoprecipitation; H, HA tag; �H, anti-HA.
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Cell fractionation. Cell fractionation was performed as previously described (17). Briefly, HEK293T
cells (5 � 107) treated with SeV, H2O2, and DTT or untreated cells were washed with PBS, followed by
douncing 40 times in 2-ml homogenization buffer (ApplyGen). The homogenate was centrifuged at
500 � g for 10 min, and then the supernatant was centrifuged at 5000 � g for another 10 min to
precipitate mitochondria. The resulting supernatant was further centrifuged at 50,000 � g for 30 min to
obtain the cytosol fraction.

VSV plaque assay. TRX2-deficient HEK293T or HeLa cells (2 � 105) were transfected with 1 �g/ml
poly(I·C) for 16 h and then infected with VSV-GFP (MOI � 0.1) for 18 h. The supernatants were diluted at
1:106 and then used to infect confluent HEK293T cells for 1 h. Afterward, the supernatant was removed
and overlaid with 3% methylcellulose for 3 days. Then, overlay was removed, and cells were fixed with
4% formaldehyde for 20 min and stained with 0.2% crystal violet. Plaques were counted, averaged, and
multiplied by the dilution factor to determine viral titer as log10 (PFU/ml).

Statistical analysis. All data are presented as mean � standard deviation (SD) of at least three
independent experiments. A two-tailed Student’s t test was applied to analyze the results, and a P value
of �0.05 was regarded as statistically significant.
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