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. When retinoic acid-inducible gene 1 protein (RIG-1)-like receptors sense viral dsRNA in the cytosol, RIG-I

: and melanoma differentiation-associated gene 5 (MDADb5) are recruited to the mitochondria to interact

: with mitochondrial antiviral signaling protein (MAVS) and initiate antiviralimmune responses. In this

: study, we demonstrate that the biotin-containing enzyme pyruvate carboxylase (PC) plays an essential
role in the virus-triggered activation of nuclear factor kappa B (NF-«B) signaling mediated by MAVS. PC
contributes to the enhanced production of type | interferons (IFNs) and pro-inflammatory cytokines,
and PC knockdown inhibits the virus-triggered innate immune response. In addition, PC shows
extensive antiviral activity against RNA viruses, including influenza A virus (IAV), human enterovirus 71
(EV71), and vesicular stomatitis virus (VSV). Furthermore, PC mediates antiviral action by targeting the
MAVS signalosome and induces IFNs and pro-inflammatory cytokines by promoting phosphorylation

: of NF-kB inhibitor-a (IkBa) and the IkB kinase (IKK) complex, as well as NF-kB nuclear translocation,

which leads to activation of interferon-stimulated genes (ISGs), including double-stranded RNA-
dependent protein kinase (PKR) and myxovirus resistance protein 1 (Mx1). Our findings suggest that PC
is an important player in host antiviral signaling.

The innate immune response is a critical host defense system against microbial pathogen invasion. Following
infection, bacteria and viruses are initially sensed by the pattern-recognition receptors (PRRs), which include
Toll-like receptors (TLRs) and RIG-I-like helicases!~>. TLRs are type I transmembrane proteins with ectodo-
mains containing leucine-rich repeats, which mediate the recognition of pathogen-associated molecular patterns;
a transmembrane region; and cytosolic Toll-interleukin-1 receptor (TIR) domains that activate downstream sig-
naling pathways*®. The RLR signaling pathway is initiated by the recognition of distinct viral RNA species by
one of two cytosolic sensors RIG-I (also known as DDX58) or MDA5 (also known as IFIH1)®. RIG-I, which is
. the first identified sensor of the RLR pathway, is composed of several domains, including two amino-terminal
(N-terminal) caspase activation and recruitment domains (CARDs), a central DEAD box helicase/ATPase
. domain, and a C-terminal regulatory domain”®. MDAS shares structural homology with RIG-I in that it con-
. tains two N-terminal CARD domains and a central DEAD box helicase/ATPase domain®'°. Viral RNA binding
. enables the N-terminal-CARDs of RLRs to interact with the adaptor molecule MAVS (alternatively known as
IPS-1/CARDIF/VISA), a mitochondrial outer membrane protein composed of a N-terminal single CARD, a
central proline-rich region that contains two tumor necrosis factor receptor-associated factor (TRAF) binding
motifs and a transmembrane domain (TM)>!1-14, MAVS plays an essential role in RIG-I signaling pathway. Many
. studies indicate how MAVS regulates the innate immune response. MAVS recruits several adaptors to assemble a
- MAVS “signalosome” including TRAF3, TRAF6, TRAF family member-associated NF-kB activator (TANK), and
: TNFRI1-associated death domain protein (TRADD)!*'7, which activates the interferon regulatory factor (IRF)
3/7 and NF-kB*?, and eventually leads to the production of IFNs and pro-inflammatory cytokines"'®!°. Recently,
it is reported that the initial ubiquitination and subsequent phosphorylation on MAVS are necessary for IRF3
interaction and IFNs induction?. Insulin receptor tyrosine kinase substrate negatively modulates the excessive
inflammation response through mediates MAVS degradation?'. Moreover, secreted type I IFNs bind to cognate
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receptors on the surface of surrounding cells to activate the JAK/STAT pathway and transcriptional induction of
a wide range of ISGs. The induced downstream gene products such as PKR, Mx1, and OAS, orchestrate the inhi-
bition of viral replication and clearance of virus-infected cells that lead to antiviral responses?*~4,

Pyruvate carboxylase (PC) is a member of biotin-containing enzyme family that catalyzes the ATP-dependent
carboxylation of pyruvate to oxaloacetate?. This is a very important anaplerotic reaction for various pivotal
biochemical pathways in the central metabolism. Therefore, this reaction plays an important role in numerous
biological processes, including de novo fatty acid synthesis in liver and adipose tissue, glyceroneogenesis in adi-
pose tissue, and glutamate production in astrocytes?®-2%. In addition, a recent study indicated that PC-mediated
anaplerosis is required for tumor survival and proliferation in early-stage non-small-cell lung cancer®. The distal
promoter of the human PC gene has also been described®. PC deficiency is a rare autosomal recessive phe-
notype characterized by mild to severe lactic acidemia associated with delayed psychomotor development and
death within the first year of life in about half the cases®!. PC has been found in a wide variety of prokaryotes
and eukaryotes and exists in two forms, a4 and 4034, depending on the organism. The a434 type is found in
archaebacteria and some bacteria, while the a4 type is found in most organisms ranging from eubacteria and
fungi to invertebrates and vertebrates. The a4 form is comprised of four identical subunits, each approximately
120-130kDa?. The three functional domains, biotin carboxylase (BC), carboxyltransferase (CT), and biotin car-
boxyl carrier protein (BCCP), are located on a single polypeptide chain?*. The BC domain is at the N-terminus of
the polypeptide chain and is responsible for binding biotin to carboxylate bicarbonate. The CT domain catalyzes
the transfer of a carboxyl group from carboxybiotin to the accepting substrate, pyruvate. The BCCP domain at the
C-terminus contains the lysine residue, to which biotin is attached?®.

Although multiple functions of PC have been clearly described, its role in innate immunity against viral infec-
tion has never been established. In this study, we demonstrate that PC represses the replication of RNA viruses such
as influenza A virus (IAV), vesicular stomatitis virus (VSV), and human enterovirus 71 (EV71) by targeting the
MAVS signalosome to activate NF-x B signaling. Our results describe a previously unrecognized function of PC.

Results

PC potentiates virus-triggered interferon induction. To explore the potential role of PC proteins in
regulating IFN expression, we performed reporter assays in A549 cells infected with SeV (MOI = 1). In reporter
assays, PC overexpression potentiated virus-induced activation of the IFN-3 and IFN-X1 promoters in A549 cells
(Fig. 1A). PC expression induced NF-& B reporter luciferase activity but not that of ISRE (Fig. 1A), indicating that
PC is only involved in activating NF-x B signaling. Next, we detected mRNA expression of different types of IFN.
The qPCR results indicated that PC overexpression up-regulated virus-induced mRNA levels of IFN-a, IFN-(3,
and IFN-X1 (Fig. 1B). We also assessed the IFN downstream effectors (the ISGs, including PKR and Mx1), by
qPCR and western blot. The results showed that PC overexpression increased the mRNA and protein levels of
PKR and Mx1 (Fig. 1C). Collectively, these data suggest that PC positively regulates virus-induced IFN produc-
tion and IFN downstream effectors.

PCis required for virus-triggered expression of IFNs and ISGs.  Because PC overexpression potenti-
ates virus-triggered IFN induction, we further determined whether endogenous PC is required for this process.
Three specific siRNAs for PC (siPC Nos. 1#-3#) were designed, and siPC-2# and siPC-3# of them effectively
knocked down PC mRNA (Fig. 2A). The transfection of all PC-specific-siRNAs had little influence on cell viabil-
ity of A549 cells (Fig. 2B). As the siPC-2# has the best efficiency on the knockdown of PC expression, we chose
siPC-2# to perform the follow-up experiments. Results from the reporter assays indicated that PC knockdown
suppressed virus-triggered activation of IFN-(3 and IFN-X\1 promoter activity (Fig. 2C). To further confirm the
role of endogenous PC in regulating IFN expression, we generated a stable PC-silenced A549 cell line using a
vector-based shRNA in a lentiviral system?2. PC was significantly reduced at both mRNA and protein levels in
cells transduced with recombinant lentivirus containing specific PC-shRNA (PC-KD) compared to those infected
with recombinant lentivirus containing scramble shRNA (Scr.-KD) (Fig. 2D). Consistent with the siRNA exper-
iments, PC-KD cells showed lower IFN-q, IFN-, and IFN-X1 mRNA levels than those in Scr.-KD cells upon
virus infection (Fig. 2E). Subsequently, we assessed the effect of PC depletion on virus-induced expression of
ISGs, including PKR and Mx1, by gPCR and western blot analyses in PC-KD cells. The results indicated that PC
depletion decreased both mRNA and protein levels of PKR and Mx1 (Fig. 2F). Taken together, these data suggest
that endogenous PC plays an essential role in virus-triggered IFN and ISG expression.

Identification of PC as a positive regulator of virus-induced pro-inflammatory cytokines. Since
we found that PC potentiates virus-triggered activation of the NF-x B promoter, we speculated that PC
up-regulates the production of NF-kB-responsive genes encoding pro-inflammatory cytokines, including
IL-6, IL-8, IL-13, and TNFa. To test this hypothesis, we investigated the effect of PC on pro-inflammatory
cytokines expression in A549 cells upon virus infection. The results indicated that PC overexpression enhanced
virus-induced production of pro-inflammatory cytokines (IL-6, IL-8, IL-13, and TNF«) at the mRNA level
(Fig. 3A). To further investigate the potential role of endogenous PC in this process, we detected the expression
of IL-6, IL-8, IL-13, and TNFa« in PC-KD cells infected with SeV (MOI = 1). The results showed that PC deple-
tion significantly decreased mRNA levels of IL-6, IL-8, IL-13, and TNFa (Fig. 3B). To confirm that PC deple-
tion in PC-KD cells was responsible for the reduced expression of pro-inflammatory cytokines, we transfected
PC expression plasmids into PC-KD cells to restore PC production. Interestingly, restoration of PC in PC-KD
cells rescued the reduced productions of IL-6, IL-8, IL-13, and TNFa (Fig. 3C). The reporter assays also indi-
cated that PC enhanced the virus-triggered activation of the IL-6 and IL-8 promoters (Fig. 3D). Because PC is a
biotin-containing enzyme that catalyzes the ATP-dependent carboxylation of pyruvate to oxaloacetate, and par-
ticipates in the central metabolism, we then test whether the enzymatic activity of PC is required for its activation
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Figure 1. PC potentiates virus-triggered interferon induction. (A) A549 cells were co-transfected with
IFN-B3, IFN-X1, NF-k B, and ISRE luciferase reporter constructs and control vector or PC expression plasmids.
PRL-TK was cotransfected as an internal control in the luciferase assay. Twenty-four hours after transfection,
cells were infected with SeV (MOI = 1) for 12 h before reporter assays were performed. *p < 0.05, **p < 0.01. no
sign., no significant difference (one-way ANOVA). (B) A549 cells were transfected with vector or PC expression
plasmids for 24 h and then infected with SeV (MOI = 1) for 6h. IFN mRNA levels were measured by qPCR.

*p < 0.05, **p < 0.01 (one-way ANOVA). (C) A549 cells were transfected with the vector or PC expression
plasmids for 24 h and then infected with SeV (MOI=1) for 12h. PKR and Mx1 mRNA levels were determined
by gPCR. PKR, Mx1 and PC proteins were assessed by western blot, respectively. *p < 0.05 (one-way ANOVA).
All graphs represent means standard deviations for 3 experiments.

of NF-kB. PC inhibitor phenylacetic acid (PAA) was used to inhibit influx of glucose and free fatty acids into the
tricarboxylic acid (TCA) cycle**=3. The PC activity assays indicated that PAA inhibited the PC activity effectively
(Supplemental Fig. 1A). However, PAA treatment had no significant effect on PC-activated expression of IL-6 and
IL-8 (Supplemental Fig. 1B). Taken together, these data show that PC up-regulates virus-triggered activation of
pro-inflammatory cytokines.

PC positively regulates the host antiviral response. Because our results demonstrated that PC plays
akey role in virus-triggered IFN and pro-inflammatory cytokine expression, we wondered whether it is involved
in the host antiviral action. Different virus infection systems including IAV, EV71 and VSV were applied to test
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Figure 2. PCis required for virus-triggered expression of IFN and ISG. (A) A549 cells were transfected
with PC-specific siRNA or nonsense control siRNA for 48 h, and PC mRNA levels were determined by

qPCR. **p < 0.01 (one-way ANOVA). (B) A549 cells were transfected with different PC-specific siRNA and
control siRNA. Fourty-eight hours after transfection, MTS assays were performed using a MTS cell viability
kit (Promega) according to the manufacturer’s instructions. Cell viability was then calculated. no sign., no
significant difference (one-way ANOVA). (C) A549 cells were co-transfected with the indicated PC-specific
siRNA or nonsense control siRNA and IFN-3 or IFN-X1 luciferase reporter plasmids for 24 h. pRL-TK was
cotransfected as an internal control in the luciferase assay. Luciferase assays were performed after cells were
infected with SeV (MOI = 1) for 12 h. **p < 0.01 (one-way ANOVA). (D) PC-KD and Scr.-KD cells were
collected to assess PC mRNA and protein levels by qPCR and western blot, respectively. **p < 0.01 (one-way
ANOVA). (E) The same numbers of PC-KD and Scr.-KD cells were infected with SeV (MOI=1) for 6 h. IFN
mRNA levels were measured by qPCR. *p < 0.05, **p < 0.01 (one-way ANOVA). (F) PC-KD and Scr.-KD cells
were infected with SeV (MOI= 1) for 12h. PKR and Mx1 mRNA and protein levels were determined by qPCR

and western blot, respectively. *p < 0.05 (one-way ANOVA). All graphs represent means standard deviations for
3 experiments.

the antiviral activity of PC. The results showed that PC expression significantly suppressed IAV NP gene levels,
including cRNA, vRNA, and mRNA, which were all measured by qPCR (Fig. 4A). Conversely, viral replication
was significantly promoted by specific PC siRNA (Fig. 4B). To further confirm the role of PC, we examined IAV
replication in PC-KD cells. Consistent with the siRNA results, IAV displayed enhanced replication in PC-KD cells
compared to Scr.-KD cells. However, viral replication was significantly inhibited when PC was restored in PC-KD
cells by transfection of the PC expression plasmid (Fig. 4C).

Viral VP1, a capsid protein of EV71, was detected by western blot, and the results showed that PC expres-
sion evidently inhibited EV71 expression in RD cells (Fig. 4D). Subsequently, we examined the effects of PC
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Figure 3. Identification of PC as a positive regulator of virus-induced pro-inflammatory cytokines.

(A) A549 cells were transfected with vector or PC expression plasmids for 24 h and then infected with SeV
(MOI=1) for 6 h. IL-6, IL-8, IL-13, and TNFo mRNA levels were measured by qPCR. (B) The same numbers
of PC-KD and Scr.-KD cells were infected with SeV (MOI = 1) for 6 h. IL-6, IL-8, IL-13, and TNFa mRNA
levels were measured by gPCR. (C) PC-KD and Scr.-KD cells were transfected with vector or PC expression
plasmids for 24 h and then infected with SeV (MOI= 1) for 6 h. IL-6, IL-8, IL-13, and TNFa mRNA levels
were measured by qPCR. (D) A549 cells were co-transfected with IL-6 or IL-8 luciferase reporter plasmids,
and vector or PC expression plasmids. pRL-TK was cotransfected as an internal control in the luciferase

assay. Twenty-four hours after transfection, cells were infected with SeV (MOI = 1) for 12 h before reporter
assays were performed. **p < 0.01 (one-way ANOVA). All graphs represent means standard deviations for 3

experiments.

on the production of the recombinant virus VSV-eGFP in A549 cells. Viral titers were significantly lower in
PC-overexpressing cells compared to control cells (Fig. 4E, left). Moreover, VSV-eGFP replication was visualized
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Figure 4. PC positively regulates cellular antiviral response. A549 cells were transfected with vector or PC
expression plasmids for 24 h were infected with IAV (MOI = 1) for another 24 h, and cells were harvested for
total RNA isolation. Relative levels of NP-specific mRNA, cRNA, and VRNA were measured by gPCR. **p < 0.01
(one-way ANOVA). (B) A549 cells were transfected with PC-specific siRNA or nonsense control siRNA for 24 h.
Cells were harvested 24 h after infection with IAV (MOI = 1). Relative levels of NP-specific mnRNA, cRNA, and
VRNA were measured by qPCR. **p < 0.01 (one-way ANOVA). (C) PC-KD and Scr.-KD cells were transfected
with vector or PC expression plasmids for 24 h. The cells were harvested 24 h after IAV infection (MOI=1),

and the relative levels of NP-specific mRNA, cRNA, and vRNA were measured by gPCR. **p < 0.01 (one-way
ANOVA). (D) RD cells were transfected with vector or PC expression plasmids for 24 h. Twelve hours after
EV71 infection (MOI= 1), VP1 protein levels were determined by western blot. (E) A549 cells were transfected
with vector or PC expression plasmids for 24 h and then infected with VSV-eGFP (MOI = 1) for 6 h. VSV-

eGFP replication was visualized by fluorescence microscopy (right panel). Twenty-four hours post-infection,
the supernatants were harvested and analyzed for VSV production using a standard plaque assay (left panel).

**p < 0.01. (F) Vero cells were transfected with vector or PC expression plasmids for 24 h and then infected with
VSV (MOI=1). VSV production in the supernatants was estimated as in (E) no sign., no significant difference.
All graphs represent means standard deviations for 3 experiments.
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by fluorescence microscopy, and it was obvious that PC expression inhibited VSV-eGFP expression (Fig. 4E,
right). Thus, we showed that PC has a universal antiviral function against RNA viruses (IAV, EV71, and VSV). In
addition, VSV was infected into Vero cells, a cell line lacking functional type I IFN genes ¥, to examine the effect
of PC on viral replication. The results indicated that VSV replication was not affected in Vero cells, implying that
PC exerted its antiviral function through the IFN signaling pathway (Fig. 4F).

PC regulates virus-triggered signaling through MAVS. MAVS, located on mitochondria, is one of
the key proteins in the RLR signaling pathway, through which the host senses and responds to invading path-
ogens, such as IAV, VSV, and SeV!433_ Since our results indicate that PC potentiates RNA virus-triggered
IFNs and pro-inflammatory cytokines expression, then we asked whether MAVS was required for PC activated
IFNs. MAVS-specific siRNA was synthesized and the knockdown efficiency was tested at both mRNA and pro-
tein levels (Fig. 5A). In report assay, the results showed that the knockdown of MAVS significantly inhibited
PC-induced IFN( and IFNX1 promoter activities (Fig. 5B), implying that PC mediated increase of IFNs expres-
sion upon virus infection is MAVS-dependent. Furthermore, we investigated the crosstalk between PC and
MAVS-associated components in virus-triggered signaling pathways. Specifically, in transient transfection and
co-immunoprecipitation experiments investigate the interaction between PC and MAVS-associated components.
The results indicated that HA-tagged PC interacted with Flag-tagged MAVS. Reciprocal co-immunoprecipitation
results also indicated that Flag-tagged MAVS interacted with HA-tagged PC (Fig. 5C). Furthermore, HA-tagged
TRAF6 interacted with Flag-tagged PC (Fig. 5D), and HA-tagged PC interacted with Flag-tagged TRADD
(Fig. 5E). PC did not interact with TRAF3 (Fig. 5F) or NEMO (Fig. 5G), which were other two MAVS-associated
components. These data suggest that PC targets the MAVS-TRAF6 signaling pathway, which is consistent with
our finding that PC activates the NF-« B reporter but not ISRE.

Virus triggers PC cytoplasmic translocation and interacts with MAVS and TRAF6. Because PC
is a mitochondria matrix protein and MAVS is a mitochondria membrane adaptor, the interaction of PC and
MAVS requires the translocation of PC from matrix to outer mitochondria. Therefore, we examined whether
virus infection triggers PC outer mitochondria translocation. Interestingly, our results showed that virus stimu-
lation caused cytoplasmic translocation of PC after infection for 12h in A549 cells (Fig. 6A), and similar results
were observed in 293T cells (Fig. 6B). Subsequently, the isolation of mitochondrion was performed and mito-
chondrial extracts were prepared. Co-immunoprecipitation results indicated that the interaction between PC
and MAVS was detected in mitochondrial extracts, suggesting that the interaction occurs on mitochondria
(Fig. 6C). To further investigate endogenous PC interacted with MAVS-associated components, we performed
endogenous co-immunoprecipitation experiments and found that MAVS co-precipitated with PC, showing that
they interacted endogenously (Fig. 6D). Similar experiments also revealed that PC was constitutively associated
with TRAF6 (Fig. 6E). These results were further supported by confocal microscopy observations that PC and
MAVS or TRAF6 co-localized in A549 cells, which suggested that PC had a distribution pattern similar to that
of MAVS (Fig. 6F) and TRAF6 (Fig. 6G). These findings demonstrated that PC endogenously interacts with
MAVS-associated components.

Domain mapping of interactions between PC and MAVS or TRAF6. To map the region of PC
that interacted with MAVS and TRAF6, we generated a series of Flag-tagged PC truncation mutant constructs
(Fig. 7A, upper panel). Surprisingly, all the truncation mutants interacted with TRAF6 (Fig. 7A, middle panel)
and MAVS (Fig. 7A, lower panel). Our observation is consistent with a previous report; a similar interaction pat-
tern was identified between MAVS and UBXN1%. We next asked which domain of TRAF6 bound to PC and then
we generated a series of TRAF6 deletion constructs (Fig. 7B, upper panel). Co-immunoprecipitation experiments
showed that PC bound to full-length, aa 289-522, and aa 358-522 fragments, and weakly interacted with aa 1-357
fragment, but failed to bind to aa 1-288 fragment which contained the amino-terminal RING-finger domain and
a series of zinc finger domains (Fig. 7B, lower panel). These results indicate that PC predominantly binds to the
coiled-coil and C-terminal domain (aa 289-522) of TRAF6.

PC positively regulates virus-triggered NF-kB signaling. MAVS recruits TRAF6 to activate NF-xB
signaling and eventually to induce the expression of IFNs and pro-inflammatory cytokines"!. The common
step in this activating process is mediated by an Ik B kinase (IKK) complex that phosphorylates Ik Ba and tar-
gets it for proteasome degradation, thus promoting NF-xB nuclear translocation*"*2. Since our results showed
that PC is involved in virus-triggered induction of IFNs and pro-inflammatory cytokines, and because it targets
MAVS-associated components, we next assess the effect of PC on IKK and Ik Ba phosphorylation. The results
showed that PC expression significantly promoted IKK and Ik Ba phosphorylation (Fig. 8A). Furthermore,
we examined the effect of PC on NF-k B translocation from the cytosol to the nucleus. Western blot analyses
revealed that P50, P65, and RelB protein levels were significantly increased in the nuclear extracts (Fig. 8B).
Stable PC-silenced PC-KD cells were used to investigate the effect of endogenous PC on NF-B translocation.
We found that depletion of PC decreased the NF- B translocation from the cytoplasm to the nucleus (Fig. 8C).
Similar results were observed by immunofluorescence microscopy (Fig. 8D,E). These results are consistent
with our observations that PC up-regulates RLR-mediated NF-xB activation and the production of IFNs and
pro-inflammatory cytokines.

Discussion

PC is believed to participate in multiple biological processes, including gluconeogenesis and lipogenesis, neu-
rotransmitter biosynthesis, and glucose-induced insulin secretion by pancreatic islets. After the first discovery
of PC in 1959, there has been much progress in understanding the enzyme’s structure and function over the last
decades. Although many papers have reported the crystal structure and multifunction of PC, its involvement in
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Figure 5. PC regulates virus-triggered signaling through MAVS. (A) A549 cells were transfected with MAVS-
specific siRNA or nonsense control siRNA for 48 h, and MAVS mRNA and protein levels were determined by
qPCR and western blotting, respectively. *p < 0.05 (one-way ANOVA). (B) A549 cells were co-transfected with
vector or PC expression plasmids and the indicated MAVS-specific siRNA or nonsense control siRNA together
with IFN-(3 and IFN-X1 luciferase reporter plasmids. pRL-TK was cotransfected as an internal control in the
luciferase assay. Twenty-four hours after transfection, cells were infected with SeV (MOI = 1) for 12h before
reporter assays were performed. *p < 0.05, **p < 0.01 (one-way ANOVA). HEK293T cells were co-transfected
with HA-PC and Flag-MAVS expression plasmids (C), HA-TRAF6 and Flag-PC or Flag-TRAF6 and HA-PC
expression plasmids (D), HA-PC and Flag-TRADD expression plasmids (E), HA-TRAF3 and Flag-PC expression
plasmids (F), or HA-PC and Flag-NEMO expression plasmids (G) for 48 h. Co-immunoprecipitation and
immunoblot analyses were performed with the indicated antibodies. All experiments were repeated at least three
times with consistent results.

the innate immune system has not yet been described. In this study, we identified a previously unrecognized func-
tion of PC during viral infection; it exhibits strong antiviral activity toward a broad range of RNA virus infections
through its effects on RIG-I-MAVS-NF-x B signaling.

RLR signaling is initiated by the recognition of distinct species of viral dSRNAs by one of the two cytoplasmic
sensors: RIG-I or MDAS5. Viral RNA binding drives RIG-I and MDAS5 to undergo conformational changes that
facilitate their recruitment to the mitochondria to interact with the adaptor molecule MAVS, which recruits E3
ligases TRAF3, TRAF6, and other adaptors to form the MAVS signalosome and introduce the production of type
I IFNs and pro-inflammatory cytokines!>!>. Though PC was described mainly located in mitochondria, in this
study, we discovered that PC could translocate to cytoplasm in response to viral infection, and the interaction
between PC and MAVS occurs on mitochondria. These results are consistent with a recent report that demon-
strates PC can interact with nonstructural 5A protein of Hepatitis C virus in cytoplasm*’. Our research indicates
that PC induces virus-triggered IFN and inflammatory cytokine expression by targeting MAVS and TRAF6, and
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Figure 6. Virus triggers PC cytoplasmic translocation and PC interacts with MAVS and TRAF6. (A) A549
cells were infected with SeV (MOI = 1) for 12 h or left uninfected. Mitochondrial extractions were performed
and the fractions were analyzed by western blotting with the indicated antibodies. (B) 293T cells were infected
with SeV (MOI=1) for12h or left uninfected. Western blotting was performed as in (A). (C) 293T cells were
infected with SeV (MOI = 1) for12 h or left uninfected. Isolation of Mitochondria was then performed and the
mitochondrial extracts were prepared by lysing mitochondrion in RIPA buffer. Co-immunoprecipitation and
immunoblot analyses were performed with the MAVS, PC, Actin or COX4 antibodies. (D) A549 cells were
transfected with PC or vector plasmids for 24 h. The cells were harvested after they were infected with SeV
(MOI=1) or left uninfected for 12 h. Co-immunoprecipitation and immunoblot analyses were performed with
the MAVS, PC or GAPDH antibodies. (E) The experiment was performed as in (D) using the PC, TRAF6 or
GAPDH antibodies. (F) Confocal immunofluorescence microscopy of PC and MAVS in A549 cells. MAVS/PC
and nuclei were stained with FITC/Cy3-conjugated secondary antibodies and DAPI, respectively. (G) A549
cells were transfected with HA-TRAF6 for 48 h. HA/PC and nuclei were stained with Cy3/FITC-conjugated
secondary antibodies and DAPI, respectively. Scale bars, 10 pm. All experiments were repeated at least three
times with consistent results.
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Figure 7. Domain mapping of the interaction between PC and MAVS or TRAF6. (A) A schematic
presentation of full-length PC (upper panel). HEK293T cells were co-transfected with HA-TRAF6 (middle
panel) or HA-MAVS (lower panel) and truncated PC for 48 h. Co-immunoprecipitation and immunoblot
analyses were performed with the indicated antibodies. (B) A schematic depicting full-length TRAF6 (upper
panel). The experiments for the interaction between PC and truncated TRAF6 were performed as described
in (A) using the indicated antibody (lower panel). All experiments were repeated at least three times with
consistent results.

specifically inhibiting the replication of RNA viruses. Many studies have shown that mitochondrial proteins facil-
itate MAVS signaling pathways to inhibit viral replication. ECSIT (evolutionarily conserved signaling intermedi-
ate in Toll pathways) localizes to the mitochondria through its N-terminal domain and exerts an antiviral effect by
directly interacting with RIG-I, MDAS5, and MAVS, and facilitating MAVS recruitment by RIG-1*%. Translocases
of outer membrane 70 (Tom70), a mitochondrial import receptor, interacts with MAVS upon RNA virus infection
to enhance IRF3-mediated gene expression and facilitate host antiviral effects*®. In this study, we demonstrate that
PC is a new component of the MAVS signal complex on mitochondria that enhances MAVS-TRAF6 signaling.
PC also has strong antiviral effects on RNA viruses such as IAV, EV71, and VSV. However PC interacted with the
virus protein NS5A of the HCV and enhanced virion packaging and release without affecting intracellular HCV
RNA and protein levels®. These results indicate different mechanisms of PC as a mediator of immunity, depend-
ing on virus type.

TRAF®6 consists of four domains including a RING-finger domain, a domain containing six consecutive zinc
fingers, a coiled-coil domain, and a TRAF-C domain*. The RING-finger domain confers E3 ligase activity on
TRAF6, and the RING and zinc fingers are reportedly critical for the activation of downstream signaling®’. The
coiled-coil and TRAF-C domains facilitate TRAF6 oligomerization and its binding to the upstream receptors
or adaptor proteins*. Our results show that PC interacts with the coiled-coil and TRAF-C domains of TRAF6,
which implies that PC interacts with TRAF6 and regulates its signaling as mentioned above. In contrast, TRAF6
and MAVS interact with all the functional domains of PC. Based on these data, we hypothesize that the PC
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Figure 8. PC positively regulates virus-triggered NF-xB signaling. (A) A549 cells were transfected with the
PC expression plasmid or vector. Twenty-four hours after transfection, cells were infected with SeV (MOI=1)
for the indicated time points before western blotting. (B) A549 cells were transfected with the PC expression
plasmid or vector. Twenty-four hours later, cells were infected with SeV (MOI = 1) for 12h, and cytosolic and
nuclear extracts were prepared for western blot. GAPDH and laminA were used as markers for the cytosolic
and nuclear fractions, respectively. (C) PC-KD and Scr.-KD cells were infected with SeV (MOI=1) for 12h.
Nuclear extraction experiments were performed as described in (B). (D,E) A549 cells were transfected with

PC expression plasmid or vector for 48 h. After fixation, the cells were immunolabeled with the indicated
antibodies. Nuclei were stained with DAPI (blue). Scale bar, 10 pm. All experiments were repeated at least three
times with consistent results.

domain that binds to TRAF6 and MAVS may be of physiological significance. The precise mechanism underlying
PC mediation of the interaction between MAVS and TRAF6 needs to be investigated further.

It is well known that NF-k B is present in the cytoplasm in association with inhibitory Ik B proteins. Upon
viral infection, phosphorylated IKK complexes can phosphorylate Ik Ba, which is subsequently ubiquitinated
and degraded by the proteasome. NF-xB is then released and translocates to the nucleus!!>. We found that PC
increases the phosphorylation levels of IKK and Ik Ba and promotes NF-kB nuclear translocation. Moreover,
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PC depletion has the opposite effect. In conclusion, PC enhances the virus-triggered activation of the immune
response through RIG-I-MAVS-NF-k B signaling and induces the expression of IFNs and pro-inflammatory
cytokines to hamper virus replication and infection.

Methods

Cell culture and viruses.  A549 cells were cultured in F12K medium containing 10% fetal bovine serum
(FBS). 293T, Huh7, and Vero cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% FBS. RD cells were cultured in RPMI 1640 medium containing 10% FBS. All cell cultures were maintained at
37°Cina 5% CO, incubator. The influenza virus A/Hong Kong/498/97 (H3N2) strain was provided by the China
Center for Type Culture Collection. A recombinant VSV carrying the enhanced green fluorescent protein gene
(VSV-eGFP) and the EV71 strain were described previously*®.

Plasmids and reagents. A human PC full-length cDNA clone was purchased from Proteintech Group.
Coding regions for PC or truncated versions were generated by polymerase chain reaction (PCR) amplification
using PC cDNA as a template. The PCR products were digested with EcoRI/BamHI and cloned directly into the
pCMV-14-3x flag expression vector, digested with HindIII/Sall and cloned into the PKH3-3x HA expression
vector, or digested with EcoRI/ HindIIT and cloned into pCMV-tag2B expression vector. The overexpression plas-
mids TRADD, NEMO, TRAF3, MAVS, and TRAF6 were constructed for this study. The coding regions of TRAF6
and TRAF6 truncations were generated by PCR amplification using the TRAF6 expression plasmid as a template.
The PCR products were digested with EcoRI/Xhol and cloned directly into the pCAgg-HA expression vector. All
primers used for construction are listed in Supplementary Table 1.

The IFN-X\1, IL-6, IL-8, and NF-k B promoter/reporter constructs were also described elsewhere*. The ISRE
and IFN-(3 promoters were provided by Professor Hongbing Shu of Wuhan University, China. All constructs and
gift plasmids were confirmed by DNA sequencing. The small interfering RNA (siRNA) plasmids specifically
directed against PC and MAVS were purchased from Guangzhou RiboBio Group. The MAVS-specific siRNA
sequence was described in previous report®!.

Antibodies against PC, VP1, TRAF6, MAVS, P65, P50, RelB, and LaminA (Santa Cruz Biotechnology); PKR
and MxA (Origene); IKK, p-IKK, IkBa, p-IkBa (Cell Signaling Technology); HA and Flag (MBL); GAPDH and
B-tubulin (Invitrogen) were purchased from the indicated manufacturers. PAA (Sigma) and pyruvate carboxylase
activity assay kit were purchased from Solarbio Co.

Measurement of IAV replication. A549 cells were infected with IAV/Hong Kong/498/97 (H3N2) at
an MOI of 1. The viral titers were measured at indicated times post-infection with hemagglutination assays in
U-shaped plates, as described previously*3>>, The relative RNA levels of nucleoprotein (NP)-mRNA, NP-cRNA,
and NP-viral RNA (vVRNA) were detected by gqRT-PCR as described previously*®*. The following primers were
used for reverse transcription:

NP-vRNA, 5'-CTCACCGAGTGACATCAACATCATG-3'; NP-cRNA, 5 -AGTAGAAACAAGG
GTATTTTTCTTTAATTGTCAT-3’; and NP-mRNA, oligo(dT). The following primers were used for qRT-PCR:
NP, 5'-ATCAGACCGAACGAGAATCCAGC-3’ (sense) and 5'-GGAGGCCCTCTGTTGATTAGTGT-3’
(antisense)*$>2,

Production of lentivirus containing specific sShRNA.  The lentiviral pLKO.1-VRC (TRC) cloning vector
was a gift from Professor Yingliang Wu of Wuhan University, China. Lentivirus containing specific ShRNA was
produced as described in the addgene pLKO.1-VRC cloning vector protocol. Briefly, siRNA against the negative
control or PC (shNC or shPC, which was constructed to the pLKO.1-VRC cloning vector), lentivirus packaging
plasmids psPAX2, and envelope plasmid pMD2.G were co-transfected into 293T cells in 60-mm culture dishes
with Lipofectamine 2000 (Invitrogen). After 24 h, we harvested media, transferred it to a polypropylene storage
tube, and then added 5 mL fresh media to the cells and incubated them for another 24 h. The harvested media was
spun at 15,000 g for 5 minutes and filtered through a 0.45-pm filter (Millipore Corp) to remove cells. The specific
shPC sequence was:

CCGGGCCAAGGAGAACAACGTAGATCTCGAGATCTACGTTGTTCTCCTTGGCTTTTTG. It was
obtained from the Sigma website and was described in a previous report?.

Gene silencing with lentivirus encoding specific ShRNA.  A549 cells were plated in 6-well plates
(4 x 10° cells/well). When cells were grown to approximately 70% confluency, they were incubated in fresh culture
medium containing 8 ug/mL polybrene. With the addition of control-shRNA or PC-shRNA lentivirus-containing
media to the A549 cells, 24 h after infection, virus-infected cells were selected by puromycin (1 pg/mL) for 72h
and assayed.

Nuclear extraction. The cell samples were collected and washed in cold phosphate-buffered saline (PBS).
The cells were resuspended in buffer A (10mM Tris-HCI [pH 7.4], 5mM MgCl,, 10 mM NaCl, I mM DTT, 10%
protease inhibitor mixture) for 15 min on ice before 0.5% NP-40 in buffer A was added, and the mixture was
vortexed for 10s. Nuclei were pelleted by centrifugation at 15,000 g for 1 min, and cytosolic protein-containing
supernatants were collected. After the pellet was washed in buffer A, it was resuspended in buffer C (20 mM
HEPES-KOH [pH 7.9], 1.5 mM MgCl,, 0.5 M NaCl, l mM DTT, 0.2mM EDTA, 1% NP-40, 10% protease mixture
inhibitor), vortexed for 15s, and incubated on ice for 10 min; this process was repeated three times. After centrif-
ugation at 15,000 g for 30 min, nuclei protein-containing supernatants were collected. The indicated protein was
detected by western blot analysis.
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VSV plaque assays. The target cells were grown in 12-well plates and transfected with the indicated plas-
mids. Twenty-four hours after transfection, cells were infected with VSV (MOI = 1). After 1h, cells were washed
with warm PBS, and fresh medium was added. After 24 h, the supernatants were harvested, diluted to 107%, 1072,
107%,1073,107% and 107}, and used to infect confluent Vero cells cultured on 24-well plates. At 1 h post-infection,
supernatants were removed, and a mixture of warm 3% low melting-point agarose and fresh medium were over-
laid. At 72 h post-infection, cells were stained with 0.2% crystal violet for 2h, and then the overlay was removed.
Plaques were counted, averaged, and multiplied by the dilution factor to determine the viral titer (PFU/mL).

Confocal immunofluorescence. The target cells were fixed with equal volumes of methyl alcohol and
acetone for 15 min, washed three times with PBS, and blocked with PBS containing 4% bovine serum albumin
(BSA) for 1h at room temperature. Then, the cells were incubated with the primary antibody overnight at 4°C
and washed three times with PBS containing 0.01% Tween 20 and 1% BSA. After incubation with the secondary
antibodies (ProteinTech Group) for 1h, the samples were washed five times with PBS containing 0.01% Tween 20
and 1% BSA. Mounting was performed with Vectashield mounting medium with DAPI (Vector Laboratories),
and the cells were visualized by confocal laser microscopy (FLUOVIEW FV1000; Olympus, Tokyo, Japan).

MTS Cell Viability Assay.  A549 cells were seeded into 96-well plates at 5000 cells/well. After cell adhesion,
the PC-specific siRNA or control RNA were then transfected into A549 cells using Lipofectamine 2000 reagent
(Invitrogen). Forty-eight hours after transfection, MTS assays were performed using the MTS cell viability kit
(Promega) according to the manufacturer’s instructions. Cell viability was then calculated.

Isolation of mitochondria. Cells were collected by centrifugation, then suspended in buffer A (250 mM
Sucrose, 10 mM Tris-HCl pH7.4, 1 mM EDTA), homogenized in a pre-chilled Dounce homogenizer (Kontes), and
postnuclear supernatant collected. Mitochondrion were sedimented at 13,000 g for 10 min, washed once in the
buffer A, and further purified by centrifugation at 40,000 g for 1h at 4°C on a sucrose gradient (17, 31, 42, 50%)
in TE buffer (10 mM Tris-HCl pH 7.4, 20mM EDTA). Mitochondrion were harvested from the 42% and 50%M
sucrose interface®.

Real-time PCR (qPCR) analysis, Transfection and luciferase reporter assays and Western blot analysis and
co-immunoprecipitation can be found in supplementary information and Supplementary Table 2.

Statistical Analysis. All experiments were reproducible and were carried out in triplicate or quadruplicate.
Each set of experiments was repeated at least three times with similar results, and a representative one is shown.
The results are presented at the means =+ s.d. Student’s t test for paired samples was used to determine statistical
significance. Differences were considered statistically significant at a value of P < 0.05 was considered statistically
significant.
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