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Abstract

As a key molecule in the antiviral innate immune response,
the activation of TANK-binding kinase 1 (TBK1) is under tight
regulation. In this report, we identified phosphatidylserine-
specific phospholipase PLA1A as a host factor that modu-
lates the TBK1 activation. Knockdown of PLA1TA expression
suppressed the innate immune signaling induced by RNA
viruses, while PLATA overexpression enhanced the signal-
ing. PLATA functioned at the TBK1 level of the signaling
pathway, as PLATA silencing blocked TBK1, but not interfer-
on regulatory factor 3 (IRF3) induced interferon-f3 (IFN-f3)
promoter activity. The phosphorylation and kinase activity
of TBK1 was reduced in PLA1A knockdown cells. Mechanisti-
cally, PLATA was required in TBK1-mitochondrial antiviral
signaling protein (MAVS) interactions but not the interac-
tions of TBK1 with other adaptor proteins. Furthermore,
PLATA knockdown reduced the recruitment of TBK1 and
IRF3 to mitochondria, concomitant with altered mitochon-
dria morphology. ©2018S. Karger AG, Basel

Introduction

The innate immune response is the first line of host
defense against pathogen invasion. Through sensing of
pathogen-associated molecular patterns (PAMPs), such
as LPS, viral RNA and viral DNA, the pattern-recognition
receptors (PRRs) initiate signal transductions through re-
cruiting different adaptors that activate the transcription
factors, interferon regulatory factor 3 (IRF3), and nuclear
factor kB (NF-kB), which translocate to the nucleus and
induce the transcription of type I interferons (IFNs). The
rapidly induced and secreted type I IFNs play a key role
in the innate immune response by inducing the transcrip-
tion of a large group of genes that are responsible for the
host’s resistance to pathogen infection.

The retinoic acid-inducible gene I (RIG-I)-like receptor
(RLR) pathway and the stimulator of interferon genes
(STING) signaling pathway are 2 important cytosolic path-
ways responsible for the detection of RNA and DNA pat-
terns respectively. After RNA binding, RIG-I activates mi-
tochondrial antiviral signaling protein (MAVS; also known
as VISA, IPS-1 and Cardif) on the mitochondrial mem-
brane, which stimulates the polymerization of MAVS. As a
scaffold protein, MAVS recruits various downstream effec-
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tors, such as TRAF2, TRAF6 and TRADD to forma “MAVS
signalosome,” which activates IxB kinase a and p (IKKa/B)
and TANK-binding kinase 1 (TBK1) and IkB kinase &
(TBK1/IKKz¢) and leads to NF-xB and IRF3 activation [1].
STING (also known as MITA, MPYS, ERISand TMEM173)
was believed to playa central role asa DNA sensor and adap-
tor in the cytosolic DNA sensing pathways by directly en-
gaging TBK1 to direct IRF3 activation [2]. Diversely in the
sensors and adaptors, both RNA- and DNA-sensing path-
ways converge at the TBK1-IRF3 axis, indicating the impor-
tant role of TBK1 in innate immunity as an integrator of
multiple upstream signals and as a modulator of IFN levels.

TBKI1 is a serine/threonine kinase that contains a ki-
nase domain (KD) in its N-terminal region, a ubiquitin-
like domain in its middle region and a scaffolding and
dimerization domain in its C-terminal region [3]. It is
constitutively expressed in many cells and its activity is
under tight regulation [4]. Posttranslational modifica-
tions of TBK1, such as phosphorylation and ubiquitina-
tion, play a key role in regulating the TBK1 function.
TBK1 is activated by trans-autophosphorylation at
Ser172, which requires compact dimer formation through
extensive interactions among the KD, ubiquitin-like do-
main and scaffolding and dimerization domain [3, 5, 6].
Phosphatases, such as PPM1A, PPM1B, and PP4 have
been found to dephosphorylate TBK1 at Ser172 [7-9].
The modification of TBK1 after dimerization at Lys30
and Lys401 by Ké63-linked polyubiquitin chains is re-
quired for TBK1 kinase activation [5]. Several E3 ubiqui-
tin ligases, such as MIB1, MIB2, Nrdpl, and RNF128
were reported to be required for TBK1 activation by pro-
moting K63-linked polyubiquitination [10-12]. Addi-
tionally, the E3 ubiquitin ligase DTX4 and TRAF-inter-
acting protein have been shown to negatively regulate
TBKI1 activation by promoting proteasomal degradation
of TBK1 [13, 14]. The deubiquitinating enzymes, CYLD
and USP2b, inhibit TBK1 activation by cleaving K63-
linked ubiquitin chains from TBK1 [15, 16]. Moreover,
host factors such as phosphatase Src homology 2 domain-
containing protein tyrosine phosphatase 2 bind to the ki-
nase domain of TBK1 and prevent TBKI1-mediated
downstream substrate phosphorylation [17]. In addition
to direct regulation on TBK1, several factors were found
to modulate the TBK1 function by influencing the forma-
tion of functional TBK1-containing complexes. For ex-
ample, DOK3 plays a positive role in TLR3 signaling by
enabling TRAF3/TBK1 complex formation [18], while
FOS-like antigen 1 plays a negative role in the type I IFN
response to malaria and viral infection by blocking TBK1
and TRAF3/TRIF interactions [19].
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The phosphatidylserine (PS)-specific phospholipase,
phospholipase A1 member A (PLA1A), was identified as
a host factor involved in HCV assembly by facilitating
NS2-E2 and NS2-NS5A complex formation in our pre-
vious study [20]. Notably, PLA1A expression was up-
regulated by dsRNA transfection, which promoted us to
analyze the function of PLAIA in the dsRNA-induced
type I IFN production. In this study, we found that
PLA1A was required for RNA virus-induced type I IFN
production, as silencing PLA1A significantly impaired
the antiviral response to Sendai virus (SeV). PLA1A tar-
geted the antiviral immune response at the TBKI1 level
by controlling the phosphorylation and kinase activity
of TBKI1. Furthermore, PLA1A silencing caused a mito-
chondrial morphology alteration and reduced the
TBKI1-associated complexes on mitochondria.

Materials and Methods

Viruses and Cells

SeV and vesicular stomatitis virus (VSV)-green fluorescent pro-
tein (GFP) were willingly provided by Prof. Hanzhong Wang and
Prof. Hualan Chen respectively. HEK293T and Huh7 cells were
maintained in DMEM supplemented with 10% heat-inactivated
FBS, 100 U/mL penicillin, and 100 pug/mL streptomycin. The cells
were cultured under humidified conditions with 5% CO, at 37°C.

Reagents and Antibodies

The chemical reagents and antibodies used in this study were
as follows: poly(I:C) (Sigma-Aldrich, #P9582); mouse anti-{-actin
(clone C4) mAb (Santa Cruz Biotechnology [Santa Cruz, CA,
USA], sc-47778); mouse anti-HA (clone HA-7) mAb (Sigma-Al-
drich, H9658); mouse anti-FLAG (clone M2) mAb (Sigma-Al-
drich, F1804); rabbit anti-HA-Tag Ab (C29F4) (#3724), anti-
FLAG (#2368), anti-p-Tubulin (9F3; #2128), anti-phospho-TBK1/
NAK (Ser172) (D52C2; #5483), anti-TBK1/NAK (#3013), anti-
NF-«B p65 (D14E12; #8242), anti-phospho-NF-kB p65 (Ser536;
93H1; #3033), anti-IkBa (L35A5; #4814), anti-phospho-IkBa
(Ser32) (14D4; #2859) and anti-phospho-IRF3 (Ser396; D601M;
#29047) from Cell Signaling Technology (Danvers, MA, USA);
IRF3 rabbit polyclonal antibody (#11312-1-AP) and TOM20 rab-
bit polyclonal antibody (#11802-1-AP) from Proteintech (Wuhan,
Hubei, China); Alexa Fluor 561-conjugated secondary Abs and
Hoechst 33258 from Invitrogen; and protein G Agarose from Mil-
lipore (Darmstadt, Germany). Rabbit polyclonal Ab against hu-
man PLA1A was produced by Abmart (Shanghai, China).

Plasmids

The NF-kB, interferon-stimulated response element (ISRE),
IRF3 and IFN-f promoter Firefly luciferase reporter plasmids, and
pRL-TK Renilla luciferase reporter plasmids, were purchased from
Clonetech and Promega respectively. Mammalian expression plas-
mids for PLA1A, RIG-I, MAVS, STING, TBK1, IKKg, and IRF3
were constructed by standard molecular biology techniques as de-
scribed previously [20, 21].
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Transfection and Dual-Luciferase Reporter Assay

Transient transfection was performed with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.
Cells were seeded in 24-well plates at 1 x 10° cells per well and
transfected the next day with the indicated amount of expression
plasmids together with 100 ng of the indicated Firefly luciferase
reporter plasmid and 10 ng pRL-TK. The total amount of plasmid
DNA per transfection was kept constant by the addition of the
empty vector. For some experiments, cells were infected with
SeV12 h post-transfection (hpt). Cells were lysed and the luciferase
activities were analyzed by the Dual-Glo Luciferase Reporter Assay
System (Promega, #E1960). The promoter activity was reported as
the ratio of Firefly luciferase activity to Renilla luciferase activity.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA from cultured cells was extracted using TRIzol re-
agent (Invitrogen) according to the manufacturer’s protocols.
Quantitative real-time polymerase chain reaction (RT-PCR) was
performed using the QuantiTect SYBR Green RT-PCR Kit (Qia-
gen, #204245) on the ABI QuantStudio 6 Flex real-time PCR sys-
tem (Applied Biosystems). The primers used are listed in Table 1.
The 2744CT method was used for the calculation of the relative ex-
pression level of the genes using the house keeping gene, glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH), as the normalizer.

RNA Interference

Tossilence endogenous PLA1A expression in HEK293T or Huh7
cells, double-stranded siRNA (Qiagen) targeted the PLAIA mRNA
sequence 5-GGATAGGACTGGTGGAACA-3" [20]. Cells were
transfected with siRNA using Lipofectamine RNAIMAX (Invitro-
gen) for 48 h before further assay. The forward transfection method
was used to reach optimal efficiency. siRNA-lipid complexes were
formed, added to cells at 60-80% confluence, and mixed gently.

Subcellular Fractionation

Nuclear and cytoplasmic extracts and mitochondria isolation
were prepared with a nuclear and cytoplasmic protein extraction
kit (Beyotime Biotechnology, #P0027) and a cell mitochondria iso-
lation kit (Beyotime Biotechnology, #C3601) according to the
manufacturer’s instructions.

Immunoprecipitation, Co-Immunoprecipitation, and

Immunoblot Analyses

HEK293T cells were transfected with plasmids encoding Flag-
or HA-tagged PLA1A, MAVS, STING, TBK1, or IRF3 as indicated,
and lysed using IP buffer (50 mM Tris [pH 7.5], l mM EGTA, 1 mM
EDTA, 1% Triton X-100, 150 mM NaCl, 2 mM DTT, 100 mM
PMSF, 1 mg/mL proteinase inhibitor). Lysates were quantified
with a Bradford assay kit (Bio-Rad) and subjected to immunopre-
cipitation (IP) using protein G agarose and the corresponding an-
tibody. After 4 washes with IP buffer, adsorbed proteins were ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and immunoblotted with the indicated antibodies.
Celllysates were also analyzed by SDS-PAGE and immunoblotting
to control for protein abundance.

In vitro Kinase Assay

To analyze the TBK1 kinase activity, pFlag-TBK1, pFlag-IRF3,
and pHA-PLAIA were transfected into HEK293T cells. The
FLAG-TBK1, FLAG-IRF3, or HA-PLA1A proteins were then im-

PLA1A Is Involved in the Antiviral Innate
Immune Response

Table 1. Primers used in the manuscript

Primer Primer sequence (5'-3")

PLA1A-F GGAACTGAGAAACAAGGACACC
PLA1A-R AAACTCGGTTGGAAGACTGAAA
ISG15-F AATGCGACGAACCTCTGAAC
ISG15-R GAAGGTCAGCCAGAACAGGT
ISG56-F GCAGCCAAGTTTTACCGAAG
ISG56-R AGCCCTATCTGGTGATGCAG
IFNB1-F CACGACAGCTCTTTCCATGA
IFNB1-R AGCCAGTGCTCGATGAATCT
GAPDH-F GAAGGTGAAGGTCGGAGTC
GAPDH-R GAAGATGGTGATGGGATTTC

munoprecipitated with anti-FLAG or anti-HA antibody 48 hpt.
Following 4 washes with IP buffer and 2 washes with kinase assay
buffer, immunoprecipitated FLAG-TBK1, FLAG-IRF3, and HA-
PLA1A were incubated in kinase assay buffer (20 mM tris-HCI, 1
mM EGTA, 5 mM MgCl2, 0.02% 2-mercaptoethanol, 0.03% Brij-
35, BSA [0.2 mg/mL], 20 mM adenosine 5'-triphosphate) at 30°C
for 60 min. The reaction was stopped by the addition of 2x SDS
loading buffer [7]. The phosphorylation of IRF3 and TBK1 were
then detected by western blot.

Results

Impairment of SeV-Induced Type I IFN Response in

PLAIA-Knockdown Cells

The function of PLAIA in innate immune signaling
was analyzed with RNAi experiments. Three siRNAs spe-
cific for PLA1A (siPLA1A), which have been verified for
their knockdown efficiency [20], were transfected into
HEK293T cells together with promoter reporter plas-
mids. A dramatic decrease in SeV-induced IFN-$ pro-
moter activity was observed in all 3 siPLA1A-transfected
cells (Fig. 1a), and the siPLA1A functioned in a dose-de-
pendent manner in impairing the SeV-induced IFN-f
promoter activity (Fig. 1b). Similarly, the knockdown of
PLA1A expression reduced the IFN- promoter activity
stimulated by SeV in Huh?7 cells (see online suppl. Fig. S1;
for all online suppl. material, see www.karger.com/
doi/10.1159/000489832). The knockdown efficiency of
selected siPLA1A was shown by the reduced mRNA and
protein level of PLA1A (Fig. 1c). Because the transcrip-
tional activation of the IFN- promoter requires coop-
erative and coordinative activation of the transcription
factors, IRF3 and NF-xB, we then detected whether
PLA1A knockdown affected IRF3 and NF-«B reporter
promoter activation. SeV-induced IRF3- and NF-kB-
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dependent promoter activity was reduced in siPLA1A-
transfected cells (Fig. 1d, e), indicating that PLA1A af-
fected the activation of IRF3 and NF-kB. Consistently, the
phosphorylation levels of IRF3, NF-kB p65, and TBK1
induced by SeV infection were significantly reduced in
PLA1A-knockdown cells (Fig. 1f compares lane 2 with
lane 4). The localization of IRF3 and NF-«B p65 was then
determined by cell fractionation and immuno-fluores-
cent detection. SeV infection caused a decrease in IRF3
and p65 in the cytoplasm fraction and an increase of IRF3
and p65 in the nuclear fraction (Fig. 1g), indicating the
nuclear translocation of both proteins upon SeV infec-
tion. Compared with the control, the accumulation of
IRF3 and p65 in the nuclear fraction was reduced in
PLA1A knockdown cells (Fig. 1g), indicating that knock-
down PLA1A expression reduced the nuclear transloca-
tion of IRF3 and NF-«B p65. Consistently, immunofluo-
rescence showed that IRF3 was mostly located in the cy-
toplasm in mock-infected cells, and nuclear localization
of IRF3 was found in approximately 61% of SeV-infected
cells; however, only 20% of PLAIA knockdown cells
showed IRF3 nuclear translocation upon SeV infection
(Fig. 1h). Similarly, NF-kB p65 showed cytoplasm local-
ization in most uninfected cells, and SeV infection caused
nuclear translocation of NF-kB p65 in approximately
63% cells. When PLA1A was knocked down, SeV-in-
duced nuclear localization of NF-kB p65 was found only
in approximately 52% cells (Fig. 1i). The mRNA levels of
IFNBI, ISG15, and ISG56 and the IFN-f protein in the
supernatant induced by SeV infection were then com-
pared between control siRNA- and siPLA1A-transfected
cells. Consistent with the promoter activity assay, the

Fig. 1. PLA1A knockdown suppresses the antiviral innate immune
response. a, b HEK293T cells were transfected with control siRNA
(siNC), different siRNAs targeting PLA1A (siPLA1A; a), or differ-
entamounts of siPLA1A-3 (b), together with an interferon (IFN)-f3
promoter reporter plasmid. Cells were then infected with Sendai
virus (SeV) for 12 h. The luciferase activity was detected and pre-
sented as fold induction relative to those in uninfected siNC-trans-
fected cells. c HEK293T cells were transfected with siNC or siRNAs
specific for PLA1A (siPLA1A). Total RNA was extracted and the
mRNA levels of PLAIA were detected by real-time polymerase
chain reaction (RT-PCR). Total protein was extracted and the
PLA1A was concentrated by IP using an anti-PLA1A antibody.
Western blot was performed to detect PLA1A. d, e HEK293T cells
were transfected with siNC or siPLA1A together with interferon
regulatory factor 3 (IRF3)-luc (d) or nuclear factor kB (NF-«B)-luc
(e) reporter plasmids. Cells were then infected with SeV for 12 h,
and the luciferase activity was detected and presented as fold in-
duction. f-k HEK293T cells were transfected with siNC or siP-
LA1A, then infected with SeV for 12 h. f Total protein was extract-

PLA1A Is Involved in the Antiviral Innate
Immune Response

knockdown of PLA1A expression significantly decreased
the SeV-induced IFNBI1, ISG15, and ISG56 mRNA levels
and IFN-f protein in the supernatant (Fig. 1k, 1). We fur-
ther analyzed the effect of PLA1A on viral replication. As
shown in Figure 1m, the knockdown of the PLAIA ex-
pression increased the replication of vesicular stomatitis
virus-GFP, as indicated by more green fluorescence in the
siPLA1A-transfected cells, suggesting a reduced antiviral
response in the PLA1A knockdown cells. Taken together,
these data demonstrated that the knockdown of PLA1A
expression impaired the SeV-induced type I IFN produc-
tion, suggesting that endogenous PLA1A is a positive reg-
ulator of innate immune signaling.

PLA1A Overexpression Enhances the SeV-Induced

Type I IFN Response

Endogenously expressed PLA1A is involved in the
type I IFN response upon SeV infection. Next, we ana-
lyzed the function of exogenously expressed PLA1A in
the innate immune response. Using transient transfec-
tion and PLA1A stable expression in Huh7 cells (Huh7-
PLAIA) that was generated by lentiviral transduction
previously, we observed that exogenous expression of
PLA1A promoted SeV-induced IFN-f reporter activity in
a dose-dependent manner (Fig. 2a) and the phosphoryla-
tion of IRF3, NF-xB p65, and TBK1 were slightly stronger
in the PLA1A expression cells than that in control cells
(Fig. 2b). Notably, high phosphorylation levels of NF-kB
p65 were observed in mock-infected cells, which is con-
sistent with our previous findings [22] and published data
[23]. Furthermore, the mRNA levels of IFNBI and sev-
eral ISGs were detected by real-time RT-PCR, and the

ed and western blot were performed to detect the indicated pro-
teins. g Nuclear and cytoplasmic protein was extracted and
subjected in western blot analysis to detect the indicated proteins.
h-j The localization of IRF3 and NF-«B p65 was confirmed by im-
munofluorescence microscopy. Cells were fixed and stained with
Hoechst 33258 (blue) and antibodies to IRF3 (red) (h) or NF-xB
subunit p65 (red; i). Scale bars, 20 um. j The percentage of cells
with IRF3/p65 nuclear translocation in confocal images were
counted (>100 cells). k Total RNA was extracted and the mRNA
levels of IFNB1, ISG15, and ISG56 were detected by real-time poly-
merase chain reaction (RT-PCR). | Enzyme-linked immunosor-
bent assay (ELISA) was performed to detect IFN-f in medium. m
HEK293T cells were transfected with siNC or siPLA1A, then in-
fected with vesicular stomatitis virus (VSV)-GFP. The replication
of VSV-GFP in cells was observed under fluorescence microscopy.
Representative results are shown from 3 independent experiments.
The 2-tailed ¢ test was used to determine the differences in multiple
comparisons (* p < 0.05; ** p < 0.01; *** p < 0.001).
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results showed that SeV infection induced more IFNBI,
ISG15, and ISG56 mRNA expression in the PLA1A stable
expressing cells than in control cells (Fig. 2c—e). Collec-
tively, these data suggested that PLA1A overexpression
enhanced the SeV-induced phosphorylation of TBK1 and
IRF3, and thus enhanced the type I IEN response in Huh7
cells.

PLAIA Participates in Type I IFN Signaling at the

Level of TBK1

To determine which step of IFN-f induction was in-
fluenced by PLA1A, promoter reporter assays were per-
formed in the context of the PLA1A knockdown condi-
tion by overexpressing several key components of the
RNA virus sensing the RLR signaling pathway, including
RIG-I, MAVS, TBK1, IKKg, and IRF3 and the DNA virus
sensor/adaptor, STING. The activation of the IFN-f pro-
moter and the ISRE-dependent promoter was deter-
mined. The results in Figure 3a and b showed that the
knockdown of PLA1A reduced the IFN- promoter ac-
tivity stimulated by RIG-I, MAVS, STING, TBK1, and
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IKKe, as well as the ISRE-dependent promoter activity
stimulated by RIG-I, MAVS, STING, and TBK1, but did
not influence IRF3-5D (a constitutively active mutant of
IRF3) stimulated the IFN-f promoter or ISRE-dependent
promoter activation, suggesting that PLA1A regulates
type I IFN signaling at the level of TBKI1.

PLAIA Is Required for TBK1 Phosphorylation

As phosphorylation at Ser172 is critical for the kinase
activity of TBK1 and overexpression of TBK1 leads to
TBK1 autophosphorylation, we then analyzed the phos-
phorylation levels of TBK1 and IRF3 stimulated by TBK1
overexpression. The results in Figure 4a show that both
TBK1 and IRF3 phosphorylation were attenuated in
PLA1A knockdown cells. An in vitro kinase assay was
then performed using separately IP-purified IRF3 and
TBK1, which were purified from siNC or siPLA1A co-
transfected cells (Fig. 4b). As expected, no phosphoryla-
tion of IRF3 was observed without TBK1 incubation,
while IRF3 was robustly phosphorylated by separately
purified TBK1. However, the IRF3 phosphorylation level
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Fig. 3. PLA1A participates in the type I interferon (IFN) signaling
at the level of TANK-binding kinase 1 (TBK1). HEK293T cells
were transfected with siNC or siRNAs specific for PLAIA
(siPLA1A) together with IFN-B promoter (a) or interferon-stim-
ulated response element (ISRE)- (b) reporter plasmids. Cells were
then transfected with vector or retinoic acid-inducible gene I
(RIG-I), mitochondrial antiviral signaling protein (MAVYS),
STING, TBKI1, IxB kinase (IKK)e, interferon regulatory factor 3

(IRF3) or IRF3-5D expressing plasmids to stimulate the promoter.
A luciferase assay was performed and presented as fold induction
relative to siNC and vector-stimulated cells. The 2-tailed f test was
used to determine the differences in multiple comparisons (* p <
0.05; ** p < 0.01; *** p < 0.001). The expression levels of the trans-
fected plasmids were confirmed by western blot analysis and
shown in the lower part of each plot.
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Fig.4.PLA1A isrequired in TANK-binding kinase 1 (TBK1) phos-
phorylation. a HEK293T cells were transfected with siNC or siR-
NAs specific for PLA1A (siPLA1A), then transfected with TBK1
expression plasmid. Total protein was extracted and western blot
was performed to detect the indicated protein expression levels.
b In vitro kinase assay. HEK293T cells were transfected with pFlag-
interferon regulatory factor 3 (IRF3) alone or pFlag-TBK1 with
siINC or siRNAs specific for PLA1A (siPLA1A). Flag-IRF3 and
Flag-TBK1 were purified separately by IP with an antibody to Flag
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tag, and then incubated together as indicated. The workflow is
shown in the upper part, and the phosphorylation of IRF3 and
TBK1 was detected by western blot and shown in the lower part.
c Invitro kinase assay. HEK293T cells were transfected with pFlag-
IRF3, pFlag-TBK1, or pHA-PLA1A separately. The expressed pro-
teins were immuno-precipitated by the indicated tag antibodies
and incubated together as indicated. The workflow is shown in the
upper part, and the phosphorylation of IRF3 and TBK1 was con-
firmed by western blot and shown in the lower part.

J Innate Immun 2018;10:315-327
DOI: 10.1159/000489832

321



was reduced when incubated with TBK1 purified from
PLA1A knockdown cells; meanwhile, a decreased phos-
phorylation level of TBK1 at Ser172 was found in PLAIA
knockdown cells (Fig. 4b), indicating that the kinase ac-
tivity of TBK1 was diminished in PLA1A knockdown
cells due to the reduced TBK1 phosphorylation level.
However, the phosphorylation level and kinase activity of
TBK1 were not significantly influenced by the PLA1A
protein, which was overexpressed and IP-purified sepa-
rately (Fig. 4c). These results indicated that endogenous
PLA1Aisrequired for TBK1 phosphorylation,but PLA1A
alone could not modulate the phosphorylation and ki-
nase activity of TBK1.

PLA1A Silencing Does Not Affect TBK1 Dimerization
or Ubiquitination But Reduces the MAVS-TBK1
Interaction

We then analyzed how TBK1 phosphorylation was
modulated by endogenous PLA1A. Increasing evidence
suggests that TBK1 dimerization, K63-linked polyubiqui-
tination [3, 5, 6, 24], and the interaction of TBK1 with
several adaptors modulate its phosphorylation at Ser172
[25, 26]. We first analyzed the self-interaction and the
ubiquitination of TBK1 in the PLA1A knockdown condi-
tion. The interaction between Flag-TBK1 and HA-TBK1
was analyzed by co-IP, and results showed that knock-
down of PLA1A expression did not affect the interaction
between Flag-TBK1 and HA-TBKI, indicating that
PLA1A did not interfere in TBK1 dimerization (Fig. 5a).
In addition, wild-type ubiquitin, ubiquitin-K63, or ubig-
uitin-K48 was transfected together with TBKI1 into
HEK293T cells in which PLA1A expression was knocked
down. TBK1 was immunoprecipitated with anti-Flag an-
tibody, then the ubiquitination of TBK1 was determined
with anti-HA antibody. The smeared bands of ubiquiti-
nated TBK1 were similar between siNC- and siPLA1A-
transfected cells, suggesting no influence of PLA1A on
TBK1 ubiquitination (Fig. 5b). Thus, knockdown of
PLA1A expression impaired the TBK1 phosphorylation
process but not its dimerization or ubiquitination.

It was reported that the interaction between TBK1 and
several adaptors, such as MAVS, MITA, TANK, NEMO,
AZI2, TBKBP1, and optineurin (OPTN), can facilitate
TBK1 activation [3], which promoted us to analyze the
interaction of TBK1 with other adaptor molecules in
PLA1A knockdown cells. The co-IP experiments showed
that the association between TBK1 and MAVS was de-
pressed in PLA1A knockdown cells, while the association
of TBK1 with the other molecules, such as STING, AZI2,
TANK, OPTN, NEMO, and TBKBP1 was not affected by
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PLA1A silencing (Fig. 5¢, d). As the MAVS-TBKI1 inter-
action was reduced in PLA1A knockdown cells, we then
analyzed whether PLA1A could interact with MAVS and
TBK1. Indeed, co-IP experiments showed that PLA1A
could interact with MAVS and TBK1 (Fig. 5e, f). Partial
co-localization of HA-PLA1A and Flag-TBK1 was ob-
served as shown in online supplementary Figure S3.
MAVS was shown to serve as a scaffold to bring TBK1 and
IRF3 together and facilitate the phosphorylation of IRF3
by TBK1 [27]. We then analyzed whether PLA1A influ-
ences the interaction of TBK1 with its substrate, IRF3.
When TBK1 and IRF3 were co-expressed, PLA1A knock-
down reduced the amount of IRF3 associated with TBK1
(Fig. 5g). To analyze the interaction between TBK1 and
IRF3 in a physiological condition, co-IP was performed
in SeV-infected HEK293T cells with anti-IRF3 antibody.
More TBK1 was co-immunoprecipitated with IRF3 in the
SeV-infected cells than in uninfected cells, indicating the
activation of TBK1/IRF3 in these cells, while PLA1A si-
lencing significantly reduced the amount of IRF3 associ-
ated with TBK1 (Fig. 5h). Taken together, PLA1A did not
affect the TBK1 dimerization or ubiquitination but influ-
enced its interaction with MAVS, thus participating in
TBK1 phosphorylation.

PLA1A Silencing Causes a Mitochondrial Morphology

Alteration and Reduces the TBK1-Associated

Complexes on Mitochondria

Given that TBK1 is recruited to mitochondria in re-
sponse to RNA virus infection, where it serves to trans-
duce signals from MAVS and activate IRF3, we then ana-
lyzed the localization of TBK1 on mitochondria by cell
fractionation. The mitochondria fraction was separated
with a cell mitochondria isolation kit from siNC- or
siPLA1A-transfected cells and the distribution patterns
of MAVS, p-TBK1, TBK1, and IRF3 in the cytoplasm and
mitochondria were compared. As shown in Figure 6a, the
cytoplasmic protein, p-tubulin, and the mitochondrial
protein, TOM20, were only found in the cytoplasm and
mitochondrial fractions, respectively, indicating success-
ful mitochondria purification. PLA1A expression knock-
down did not change the mitochondrial distribution of
MAVS as the expression and mitochondrial localization
of MAVS were similar in siNC- and siPLA1A-transfected
cells. However, the mitochondrial localized p-TBK1,
TBK1, and IRF3 were decreased in siPLA1A transfected
cells. SeV infection increased the mitochondrial localized
p-TBK1 level in siNC-transfected cells but not in
siPLA1A-transfected cells. These results suggest that the
recruitment of TBK1 to MAVS and the assembly of the
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Fig. 5. PLA1A silencing does not affect TANK-binding kinase 1
(TBK1) dimerization or ubiquitination but reduces mitochondri-
al antiviral signaling protein (MAVS)-TBKI interactions.
a HEK293T cells were transfected with siNC or siRNAs specific for
PLA1A (siPLA1A), then transfected with pFlag-TBK1 and pHA-
TBK1. Immunoprecipitation (IP) was performed with immuno-
globulin G (IgG) or an antibody to HA. Immunoblot (IB) analysis
was performed with an antibody to Flag; the corresponding whole
cell lysate (WCL) were subject to western blot analysis with anti-
bodies to Flag, HA and B-actin. b HEK293T cells were transfected
with siNC or siPLA1A, then transfected with vector, HA-ubiqui-
tin, HA-tagged K63-linked ubiquitin, or an HA-tagged K48-linked
ubiquitin expression plasmid together with pFlag-TBK1. IP was
performed with Flag antibody, followed by IB analysis with HA
antibody. The corresponding WCL was subjected to western blot
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analysis with antibodies to Flag, HA and B-actin. c-h IP experi-
ments to analyze the protein-protein interactions. ¢ HEK293T
cells were transfected with siNC or siPLA1A and then transfected
with pFlag-mitochondrial antiviral signaling protein (MAVS)
(left) or pFlag-STING (right), plus pHA-TBK1 or empty vector.
d HEK293T cells were transfected with siNC or siPLA1A, and then
transfected with pFlag-TBK1, plus empty vector or plasmid encod-
ing HA-AZI2, HA-TANK, HA-OPTN (Optineurin), HA-NEMO,
and HA-TBKBP1. e, f HEK293T cells were transfected with pHA-
PLAIA, together with pFlag-TBK1 (e), pFlag-MAVS (f) or empty
vector. g HEK293T cells were transfected with siNC or siPLA1A,
then transfected with pFlag-interferon regulatory factor 3 (IRF3)
and pHA-TBK1. h HEK293T cells were transfected with siNC or
siPLA1A, with or without Sendai virus (SeV) stimulation.
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Fig. 6. PLA1A silencing induces mitochondrial elongation.
a HEK293T cells were transfected with siNC or siRNAs specific for
PLA1A (siPLA1A), then infected with Sendai virus (SeV) for 12 h.
Mitochondrial and cytoplasmic protein were extracted and sub-
jected to western blot analysis to detect the indicated proteins.
b HEK293T cells were transfected with siNC or siPLA1A. The mi-
tochondria were stained with MitoTracker Red (red) and nuclei
were stained with Hoechst 33258 (blue). Representative confocal

MAVS/TBK1/IRF3 signalosome on mitochondria were
impaired in PLA1A-knockdown cells.

Interestingly, a difference in the mitochondria mor-
phology between control and PLA1A knockdown cells
was observed by MitoTracker Red staining. Dot- or
sphere-like clusters of MitoTracker Red, which indicated
that fragmented mitochondria, were observed in most of
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images were shown. ¢ The percentage of cells with different mito-
chondria subtypes in confocal images were counted (>100 cells).
d The ultrastructure of HEK293T cells transfected with siNC or
siPLA1A were observed under electron microscopy. Scale bar,
1 um. M, mitochondrion. e The mitochondrial shape factors
(length/width) from electron micrographs were calculated (>500
mitochondria each group).

the siNC-transfected cells (approximately 90%), while an
elongated morphology was observed in most of the
siPLA1A-transfected cells (70%), which indicated tubular
mitochondria in these cells (Fig. 6b, ¢). The mitochon-
drial morphology was then examined with electron mi-
croscopy (Fig. 6d). SINC-transfected cells contain sphere-
shaped mitochondria with a shape factor (ratio of major
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and minor axes) of 1.54 + 0.14, while the mitochondria in
the siPLA1A-transfected cells were elongated with shape
factor of 2.26 + 0.31 (Fig. 6e). Thus, we concluded that
PLA1A expression knockdown caused an alteration in
the mitochondrial morphology.

Discussion

Recently, lipid metabolism has been connected to the
innate immune response. Here, we report the involve-
ment of PLA1A, a phospholipase, in virus-induced type I
IFN production. PLA1A expression knockdown reduced
the type I IFN production stimulated by RNA viruses
(SeV).PLA1A targeted at TBK1 level, which is a key com-
ponent of RNA sensing pathways, as the phosphorylation
and kinase activity of TBK1 were reduced when PLA1A
was silenced. PLA1A expression knockdown reduced the
association of TBK1 with mitochondria, concomitant
with the mitochondrial morphology change.

TBK1 is a node molecule that participates in many sig-
naling pathways. Increasing evidence suggests that the
activation and substrate selection of TBK1 is dependent
on its localization, as different adaptor proteins recruit
TBK1 to discrete signaling complexes upon different
stimulation [25]. Once accumulated, the phosphoryla-
tion of TBK1 was thought to be an auto-activation pro-
cess that requires the dimerization and ubiquitination of
TBK1 [3, 5, 6, 24]. Additionally, it is possible that some
kinases localized in the same scaffold complex with TBK1
could stimulate TBK1 phosphorylation [28]. In our ex-
periment, PLA1A expression knockdown reduced the
phosphorylation of TBK1 stimulated by SeV and TBK1
overexpression. Through interacting with TBK1, PLA1A
influenced neither the TBKI1 self-interaction nor the
ubiquitination of TBK1 (Fig. 5; online suppl. Fig. S2).
Moreover, PLA1A did not phosphorylate TBK1 directly,
as incubation of PLA1A protein with TBK1 did not en-
hance the phosphorylation level of TBK1 in an in vitro
kinase assay. However, the interactions of MAVS with
TBK1 and TBK1 with IRF3 were reduced and the amount
of TBK1 that associated with mitochondria was decreased
in PLA1A silenced cells; therefore, it is possible that
PLA1A modulates TBK1 activation through controlling
the recruitment and the local concentration of TBKI. P-
TBK1 was reported to localize on the mitochondria and
Golgi apparatus in response to RNA virus infections [29,
30], while p-TBKI1 shows a cell type-specific subcellular
localization upon DNA virus infection, either on mito-
chondria or co-localized with STING or on other struc-
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tures [27, 30]. In our research, PLA1A knockdown re-
duced the distribution of p-TBK1 on mitochondria in
SeV-infected cells as well as uninfected cells, suggesting
that mitochondrial localized p-TBK1 participates in type
I IFN production. However, we still cannot exclude the
possibility that PLAIA knockdown may also affect the
distribution of p-TBK1 on other organelles or structures.

PLA1A is a phospholipase that hydrolyzes fatty acids
at the sn-1 position of PS. Some lipid mediators have been
reported to participate in innate immune signaling. For
example, 25-hydroxycholesterol potentiates the translo-
cation of IRF3 into the nucleus and the release of IFN-[3
in poly(I:C)-treated cells [31]. As the fatty acid at the sn-1
position of PS is mostly stearic acid, the main product of
PS hydrolysis is lyso-PS and stearic acid. However, we
have excluded the involvement of the lipid products of
PLAIA in the innate immune response, as the supple-
mentation of lyso-PS and stearic acid did not alter the
SeV-induced type I IFN production or restore the type I
IEN production in PLA1A knockdown cells (online sup-
pl. Fig. S3).

Mitochondria have been proven to be the signaling
platform for the innate immune response induced by
both RNA and DNA viruses [32]. In addition to mediat-
ing innate immune signaling through the mitochondrial
localized protein, MAVS, the mitochondrial dynamics,
ROS, membrane potential, mtDNA exposure and oxida-
tive phosphorylation activity were all reported to govern
antiviral signaling [32]. Several reports have shown the
tight association between mitochondria dynamics with
innate immune signaling. For example, the knockdown
of genes promoting mitochondrial fission, such as mito-
chondrial fission protein 1 (Fisl) and dynamin-related
protein 1 (Drpl), or overexpression of genes promoting
mitochondrial fusion, such as mitochondrial fusion pro-
tein 1 (Mfnl), resulted in an enhanced innate immune
response, which was accompanied by mitochondria elon-
gation [33]. On the other hand, the knockdown of genes
promoting mitochondrial fusion, such as Mfn1 and optic
atrophy 1, resulted in reduced RLR signaling, which was
accompanied by mitochondria fragmentation [33]. Mfn1
was thought to bind MAVS and be required for the redis-
tribution of MAVS on mitochondria to form speckle-like
aggregates [34]. A more recent study demonstrated that
fibroblasts deficient in both Mfnl and Mfn2 exhibited
impaired RLR-induced antiviral responses [35]. Howev-
er, though Mfnl and Mfn2 have similar mitochondrial
dynamic functions, they regulate RLR signaling in a dif-
ferent way. Mfn2 was also thought to interact with MAVS
[34], but it produced an inhibitory effect on the RLR sig-
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naling downstream of MAVS and upstream of both
TRAF6 (the NF-kB activation pathway) and TBK-1 (the
IRF-3 activation pathway) [36]. In our experiments, the
reduced innate immune signaling in PLA1A knockdown
cells was concomitant with elongated mitochondria,
while Mfn2 protein was increased in PLA1A knockdown
cells (online suppl. Fig. S4). As Mfn2 was shown to have
an inhibitory effect on RIG-I signaling, the upregulated
Mfn2 might partially explain the impairment of SeV-trig-
gered IFN signaling and the mitochondria elongation in
PLA1A knockdown cells [36]. It is also possible that arti-
ficially regulated mitochondria dynamics by overexpres-
sion or knockdown may change other factors in the mi-
tochondria, such as membrane potential, mitochondrial
stress, or the oxidation phosphorylation activity of mito-
chondria.

It has been demonstrated that many aspects of the mi-
tochondrial function is regulated by the mitochondrial
morphology. A recent paper showed that Drpl-depen-
dent mitochondrial dynamic was coupled with oxidative
respiration: tubular mitochondria was accompanied with
increased oxidative respiration, while fragmented mito-
chondria achieved the opposite [37]. The oxidative phos-
phorylation activity was supposed to be required in the
RLR innate immune signaling, as SeV-induced IFN pro-
duction was impaired in cells with oxidative phosphory-
lation defect, but was restored when the oxidative phos-
phorylation was recovered [38]. In our study, increased
tubular mitochondrial and impaired SeV-induced IFN
production was observed in PLA1A knockdown cells. It
will be interesting to further analyze how PLA1A contrib-
utes to mitochondrial function.

The detailed molecular mechanism how PLA1A mod-
ulates mitochondria morphology needs to be studied
further. The PS-specific phospholipase, PLA1A, may
help maintain the PS balance in cells. As the phosphati-
dylethanolamine of the mitochondria membrane, which
is a kind of phospholipid that plays an important role in
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