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VRK2 is involved in the innate antiviral response by
promoting mitostress-induced mtDNA release

Wen-Rui He'?, Li-Bo Cao'?, Yu-Lin Yang'?, Duo Hua'?, Ming-Ming Hu'? and Hong-Bing Shu@®'?

Mitochondrial stress (mitostress) triggered by viral infection or mitochondrial dysfunction causes the release of mitochondrial DNA
(mtDNA) into the cytosol and activates the cGAS-mediated innate immune response. The regulation of mtDNA release upon
mitostress remains uncharacterized. Here, we identified mitochondria-associated vaccinia virus-related kinase 2 (VRK2) as a key
regulator of this process. VRK2 deficiency inhibited the induction of antiviral genes and caused earlier and higher mortality in mice
after viral infection. Upon viral infection, VRK2 associated with voltage-dependent anion channel 1 (VDAC1) and promoted VDAC1
oligomerization and mtDNA release, leading to the cGAS-mediated innate immune response. VRK2 was also required for mtDNA
release and cGAS-mediated innate immunity triggered by nonviral factors that cause Ca®" overload but was not required for the
cytosolic nucleic acid-triggered innate immune response. Thus, VRK2 plays a crucial role in the mtDNA-triggered innate immune
response and may be a potential therapeutic target for infectious and autoimmune diseases associated with mtDNA release.
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INTRODUCTION
It has been well established that the innate immune response is
the first line of host defense against viral infection, which is
initiated upon the sensing of conserved viral structural compo-
nents called pathogen-associated molecular patterns (PAMPs) by
pattern recognition receptors (PRRs) expressed by host cells.' The
sensing of viral PAMPs by PRRs activates a series of signaling
events, leading to the induction of downstream antiviral effector
proteins, including type | interferons (IFNs) and proinflammatory
cytokines.*®> The most important viral PAMPs are viral nucleic
acids, including viral DNA and/or RNA. After invasion of RNA
viruses, cytosolic viral RNA is sensed by retinoic acid-induced gene
I or melanoma differentiation-associated gene 5, which then
initiates innate antiviral responses via pathways mediated by the
mitochondria-associated protein VISA (also called MAVS).*™® After
invasion of DNA viruses, cytosolic viral DNA is mainly sensed by a
ubiquitously expressed nucleotidyltransferase called cyclic GMP-
AMP (cGAMP) synthase (cGAS).” Upon binding cytosolic viral or
cellular DNA, cGAS catalyzes the synthesis of cGAMP, which then
acts as a second messenger to bind to and activate the
endoplasmic reticulum (ER)-resident protein MITA (also called
STING).%? STING/MITA is then translocated from the ER via the
ER-Golgi intermediate compartment to the Golgi apparatus,
where the kinase TBK1 and the transcription factor IRF3 are
recruited to the STING/MITA complex and maximally activated,
leading to the induction of type | IFNs, inflammatory cytokines,
and other downstream antiviral genes.'®"!

Viral infection activates innate immune responses via mechan-
isms other than viral nucleic acid-dependent mechanisms, such as
virus—cell membrane fusion and mitochondrial stress

(mitostress).'>"3 Recently, it has been shown that viral infection
triggers mitostress, which results in the release of mitochondrial
DNA (mtDNA) into the cytosol and its recognition by cGAS,
leading to STING/MITA-dependent innate immune responses that
contribute to host defense against viral infection." It has also
been shown that mitochondrial dysfunction caused by nonviral
factors can cause mtDNA release into the cytosol, leading to cGAS-
mediated innate immune responses that are correlated with
autoimmune and neurodegenerative diseases.'*'® Recently, it has
been demonstrated that upon mitostress, voltage-dependent
anion channel (VDAC) proteins oligomerize to form mitochondrial
pores, which allow the release of mtDNA into the cytosol to trigger
cGAS-mediated innate immune responses.'”” The regulation of
mtDNA release upon mitostress is not well understood.
Virus-related kinase 2 (VRK2) is a member of the vaccinia VRK
family, which is characterized by homology of its catalytic domain
to that of vaccinia virus B1R kinase.'® VRK2 is widely expressed in
various cell types and tissues and contains an N-terminal kinase
domain and a C-terminal transmembrane domain that anchors it
to the mitochondrial, ER and nuclear membranes.®® VRK2 is
involved in diverse biological processes, such as the response to
hypoxic stress,?! interleukin-1p signaling,?? EGF-ERBB2 signaling,*
and tumor cell invasion.** In this study, we found that VRK2
deficiency inhibited innate antiviral responses and caused earlier
and higher mortality in mice after viral infection. VRK2 was not
required for the canonical viral nucleic acid-triggered innate
immune response but acted as a key regulator of mtDNA release
in mitostress-triggered innate immune responses. The results of
mechanistic studies suggested that VRK2 regulates the association
of mtDNA with VDAC1 as well as the formation of VDACI
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oligomeric pores upon mitostress. Our findings demonstrate a
critical role of VRK2 in regulating the mtDNA-triggered innate
immune response upon viral infection and mitostress, which
facilitates the understanding of the mechanisms underlying
cellular stress responses as well as infectious and autoimmune
diseases.

MATERIALS AND METHODS

Reagents, viruses, and cells

The following reagents were purchased from the indicated
manufacturers: the inhibitors ABT-737 (HY-50907, MCE) and Q-
VD-OPh (HY-12305, MCE); mitochondrial membrane potential
(MMP) detection kits (JC-10) (CA1310, Solarbio); DCFH-DA
(D6470, Solarbio); Fluo 3-AM (F023, DOJINDO); the reagents
herring testes (HT)-DNA (D6898, Sigma), ethidium bromide (EB)
(1239-45-8, Aladdin), EGS (21565, Thermo), FuGENE (E2311,
Promega), poly(l:C) (tlrl-pic-5, Invitrogen), Lipofectamine (LF)
(11668019, Invitrogen), and murine IFN-B (8234-MB-010/CF,
R&D); ELISA kits for murine IFN-B (42400, PBL) and CXCL10
(EKO736—XAI, BOSTER); a mouse monoclonal antibody against
HA (TA180128, OriGene); rabbit monoclonal antibodies against HA
(TA591010, OriGene), FLAG (F3165, Sigma), PBR (A4881, Abclonal),
TBK1 (ab40676, Abcam), pTBK1°'72 (ab109272, Abcam), IRF3 (sc-
33641, Santa Cruz), and B-actin (A2228, Sigma); rabbit polyclonal
antibodies against VDAC (4661, CST), STING (13647, CST), human
p-STING>36 (43499, CST), and p-IRF3°3%® (4947, CST). Sendai virus
(SeV), encephalomyocarditis virus (EMCV), herpes simplex virus 1
(HSV-1), and murine cytomegalovirus (MCMV) were previously
described. 2 HEK293 and Raw264.7 cells were obtained from
ATCC. Primary wild-type (WT) and Vrk2~~ bone marrow-derived
macrophages (BMDMs) and murine lung fibroblasts (MLFs) were
prepared as previously described.?”

Constructs
Constructs for HA-, Myc-, or Flag-tagged VDACT1, VDAC2, VDAC3,
PBR, PPIF, VRK2, and their mutants, as well as CRISPR-Cas9 gRNA
plasmids for knockout of Bax, Bak, Vrk2, Sting, Visa, Vdac1, Jip1, Ksr,
and Nfat, were constructed by standard molecular biology
techniques. CRISPR-Cas9 knockout cell lines were constructed as
previously described.?® The following sequences were targeted for
the indicated murine genes.

Vrk2-gRNA: 5-GGCAAGATGATCGGCTCTGG-3;

Vdac1-gRNA: 5'-TCGTCATTCTCGCCGAACAC-3

Bax-gRNA: 5-AGCGAGTGTCTCCGGCGAAT-3;

Bak-gRNA: 5'-GGGGCAAGTTGTCCATCTCG-3;

Sting/Mita-gRNA: 5'-GCACCTAGCCTCGCACGAACT-3";

Visa/Mavs-gRNA: 5-GTCGCCAGGTCTCAGGGCCGG-3';

Jip1-gRNA: 5-ACTCGTCAGTGATCTCCGAA-3’;

Ksr-gRNA: 5'-GCGTTGCGCGCGGCAGCGAT-3;

Nfat-gRNA: 5'-CGGGGCCGTCCCCGCCATCG-3'.

Mice

VRK2-deficient mice on a C57BL/6 background were generated
by CRISPR-Cas9 genome editing by Cyagen Company. All
mice were maintained in SPF rooms. Viral infection experiments
were performed in ABSL-2 laboratories. All animal experiments
were performed in accordance with the Wuhan University
Medical Research Institute Animal Care and Use Committee
guidelines.

qPCR

Total RNA was isolated for quantitative PCR (qPCR) analysis to
measure the mRNA levels of the indicated genes. The data
shown are the relative abundance of each indicated mRNA
normalized to that of GAPDH. The gPCR primers used were
previously described.?
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Isolation of mitochondria and measurement of mtDNA

To isolate the mitochondrial fraction (P5K) and nonmitochondrial
fraction (S5K), cells were washed and resuspended in ice-cold
hypotonic buffer’® supplemented with protease inhibitors and
were then lysed by Dounce homogenization. Cell lysates were
centrifuged at 500 x g for 10 min at 4 °C to remove nuclear pellets,
and the supernatants were then centrifuged at 5000 x g for 10
min at 4°C to obtain P5K and S5K. mtDNA was extracted from
these fractions and subjected to gPCR analysis with primers
corresponding to the D-loop in mtDNA3" The ratio of S5K to P5K
in each sample was used to quantitate the relative release of
mtDNA from mitochondria into the cytosol.

mtDNA depletion

MLFs were left untreated or treated with EB (200 ng/ml) for 6 days
to deplete mtDNA. The mtDNA depletion efficiency was evaluated
by total DNA extraction and gPCR analysis with primers
corresponding to the D-loop in mtDNA and to the nuclear genomic
gene Tert. The qPCR primers used were previously reported.?'

Confocal microscopy

HT1080 cells were transfected with the indicated plasmids. Twenty
hours later, cells were stained with MitoTracker, fixed with 4%
paraformaldehyde for 20 min and permeabilized for 20 min by
incubation with 0.1% Triton X-100. Cells were blocked with 1%
BSA and stained with the indicated primary and corresponding
secondary antibodies. Cells were imaged using a Zeiss confocal
microscope with a 63x oil objective.

Coimmunoprecipitation and immunoblot analysis
Coimmunoprecipitation and immunoblot analysis were performed
as previously described.®* Briefly, cells were lysed with lysis
buffer®® (20 mM Tris-HCl, pH 7.5; 0.5% Nonidet P-40; 10 mM NaCl;
3 mM EDTA, and 3 mM EGTA) containing protease inhibitors prior
to immunoprecipitation with protein G and the indicated
antibodies, and the immunoprecipitates were analyzed by
immunoblotting with the indicated antibodies.

In vitro pulldown assay

HEK293 cells transfected with the indicated plasmids were lysed,
and the lysates were incubated first with biotinylated mtDNA (120
bp)'” at 4°C for 2 h and then with streptavidin beads at 4 °C for
1h. The beads were washed five times with lysis buffer and
analyzed by immunoblotting with the indicated antibodies. The
sequence of the synthetic mtDNA fragment (120bp) was as
follows: 5-TCCTCCGTGAAACCAACAACCCGCCCACCAATGCCCCTCT
TCTCGCTCCGGGCCCATTAAACTTGGGGGTAGCTAAACTGAAACTTTA
TCAGACATCTGGTTCTTACTTCAGGGCCATCA-3'

mtDNA-binding protein immunoprecipitation

MLFs were infected with HSV-1 or EMCV for an hour, and cell
lysates then were immunoprecipitated with anti-VDAC or anti-
VRK2 antibodies at 4 °C for 3 h. The bead-bound immunoprecipi-
tates were washed three times with lysis buffer. Protein and DNA
complexes were eluted with 200 ul of TE buffer containing 10 mM
DTT at 37°C for 30min. DNA was extracted using phenol-
chloroform-isoamyl alcohol before gPCR analysis of mtDNA.

Viral plaque assay

Viral plaque assays were performed as previously described.3? Eight-
week-old mice were infected with HSV-1 or EMCV for 4 days. The
brains of infected mice were harvested, weighed, and homoge-
nized. Vero or BHK21 cells were seeded and incubated with serial
dilutions of the supernatants at 37 °C for 2 h. The infected cells were
overlaid with 1.5% methylcellulose and were then incubated for
another 36-48 h prior to fixation with 4% paraformaldehyde and
staining with 1% crystal violet before plaque counting.

SPRINGER NATURE



VRK2 is involved in the innate antiviral response by promoting...
W.-R. He et al.

1188

Statistical analysis

GraphPad Prism and SPSS Statistics were used for statistical
analysis. Quantitative data in histograms are shown as the means
+ SDs. Data were analyzed using the log-rank (Mantel-Cox) test or
Student’s unpaired t-test. The number of asterisks indicates the
degree of significance with respect to P values. Statistical
significance was assumed at P < 0.05.

RESULTS

VRK2 plays a key role in innate antiviral responses

To identify candidate molecules involved in virus-triggered innate
immune responses, we screened ~200 kinases for their ability to
regulate cGAS-mediated activation of interferon-stimulated
response elements in reporter assays. The preliminary candidate
genes in MLFs were knocked out by CRISPR-Cas9 genome editing
for further validation. These efforts led to the identification of
VRK2. As shown in Supplementary Fig. S1A, qPCR experiments
indicated that knockout of Vrk2 dramatically inhibited the
transcription of downstream antiviral Ifnb7 and Cxcl10 genes
induced by the DNA virus HSV-1 in MLFs. Knockout of Vrk2 also
inhibited HSV-1-induced phosphorylation of STING, TBK1, and IRF3

(Supplementary Fig. S1B), which are hallmarks of the activation of
downstream signaling components, in MLFs. These results suggest
that VRK2 is required for efficient innate immune responses to
HSV-1 in MLFs.

To further investigate the roles of VRK2 in vivo, we generated
Vrk2™'~ mice by CRISPR-Cas9 genome editing (Supplementary
Fig. S2A, B). Homozygous Vrk2™/~ mice were born at the
Mendelian ratio (Supplementary Fig. S2C) and appeared to exhibit
normal growth. Hematoxylin and eosin staining indicated that
VRK2 deficiency had no effects on brain and lung histomorphol-
ogy in mice (Supplementary Fig. S2D). The numbers and
compositions of cells in the Iymph nodes, spleen, and thymus
were similar between Vrk2™'~ mice and their WT littermates
(Supplementary Fig. 2E), suggesting that VRK2 is not required for
the development of various types of immune cells.

To examine the innate immune responses of primary cells from
VRK2-deficient mice to various viruses, we infected WT and Vrk2~/
MLFs and BMDMs with different viruses, including the DNA viruses
HSV-1 and MCMV and the RNA viruses EMCV and SeV. qPCR
experiments indicated that VRK2 deficiency markedly inhibited the
transcription of the Ifnb1 and Cxcl/10 genes in MLFs (Fig. 1A) and
the Ifnb1 gene in BMDM:s (Fig. 1B) induced by HSV-1, MCMV, and
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Fig. 1
genes in MLFs. MLFs (1 x 10°) from WT and Vrk2~

VRK2 plays a key role in innate antiviral re sponses. A Effects of VRK2 deficiency on virus-triggered transcription of the Ifnb1 and Cxcl10
mice were left uninfected or infected with HSV-1, MCMV, EMCV, or SeV (MOI = 1) for the

indicated times prior to qPCR analysis of the |nd|cated genes. B Effects of VRK2 deficiency on virus-triggered transcription of the Ifnb1 gene in

BMDMs. BMDMs (1 x 10°%) from WT and Vrk2™/

~ mice were left uninfected or infected with HSV-1, MCMV, SeV, or EMCV (MOI = 1) for the

indicated times prior to %PCR analysis of the Ifnbl gene. C Effects of VRK2 deficiency on virus-triggered phosphorylation of TBK1 and IRF3.
0°)

MLFs and BMDMs (1 x 10°) from WT and Vrk2™/

mice were left uninfected or infected with HSV-1 or EMCV (MOI = 1) for the indicated times

prior to immunoblot anaIySIS with the indicated antibodies. The data shown are the mean + SD from one representative experiment
performed in triplicate (A, B). ns nonsignificant; *P < 0.05; **P < 0.01; ***P <0.001 (unpaired t-test)
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EMCV. In these experiments, VRK2 deficiency minimally affected VRK2 regulates mtDNA-triggered innate immune responses

SeV-triggered transcription of the Ifnb1 and Cxcl10 genes in MLFs We next explored how VRK2 is involved in innate antiviral
(Fig. 1A) and increased SeV-triggered transcription of the Ifnb1 responses. Previously, it was shown that viral nucleic acids in the
gene in BMDMs at 9 h after infection (Fig. 1B). In addition, IFN-f3- cytosol act as major PAMPs to trigger innate antiviral responses via
induced transcription of the /fit7 and Cxcl10 genes was comparable STING- or VISA-mediated pathways.® The results of gPCR experi-
between Vrk2™'~ and WT MLFs (Supplementary Fig. S2F). These ments indicated that STING or VISA deficiency abolished the
results suggest that VRK2 is required for efficient induction of transcription of the Ifnb1 and Cxcl10 genes induced by transfected
downstream antiviral genes triggered by certain DNA and RNA HT-DNA and the synthetic double-stranded viral RNA analog poly
viruses in different types of cells. Consistent with these findings, (1:C), respectively (Fig. 3A). In these experiments, however, VRK2
phosphorylation of TBK1 and IRF3 induced by HSV-1 or EMCV was deficiency had no marked effects on the induction of Ifnb1 and
markedly inhibited in Vrk2~/~ MLFs compared to WT MLFs or Cxcl10 gene transcription by transfected HT-DNA or poly(l:C)

BMDMs (Fig. 1Q). (Fig. 3A). The results of biochemical experiments showed that

We further evaluated the importance of VRK2 in the host STING or VISA deficiency but not VRK2 deficiency impaired the
defense against viral infection in vivo. After intraperitoneal phosphorylation of TBK1 and IRF3 induced by transfection of HT-
infection with HSV-1 or EMCV for 6 h, the serum levels of IFN-$ DNA or poly(l:C) (Fig. 3B). These results suggest that VRK2 is not
and CXCL10 in Vrk2™"~ mice were markedly lower than those in involved in innate antiviral responses triggered by viral nucleic

WT mice (Fig. 2A). In similar experiments, the serum IFN-3 and acids. Recently, it has been demonstrated that the processes of
CXCL10 levels were compared between WT and Vrk2 ™/~ mice after viral infection, such as virus-membrane fusion or viral endosomal
infection with SeV for 6 h (Fig. 2A). The genomic copies and viral escape, can induce innate immune responses in a viral nucleic
titers of HSV-1 and EMCV in the brain were ~10- and 26-fold  acid-independent manner.'>'>** This effect is mediated by
higher in Vrk2~/~ mice than in WT mice 4 days after infection with mitostress and mMtDNA release via a viral nucleic acid-
the respective viruses (Fig. 2B). Consistent with these findings,  independent process.'>'*3> Thus, we next investigated whether
Vrk2~'~ mice were more susceptible to HSV-1- and EMCV-induced VRK2 is involved in innate immune responses triggered by
death (Fig. 2C). These results suggest that VRK2 plays important cytosolic mtDNA produced upon mitostress after viral infection.

roles in the host defense against various viruses in vivo. We first examined whether viral infection causes the production of
A
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Fig. 2 VRK2 deficiency impairs host defense against viral infection in vivo. A Effects of VRK2 deficiency on virus-induced production of IFN-f
and CXCL10 in serum. WT and Vrk2~/~ mice (n = 3) were intraperitoneally infected with HSV-1 (5 x 107 pfu per mouse), EMCV (5 x 107 pfu per
mouse), or SeV (5 x 107 pfu per mouse) for 6 h before serum cytokines were measured by ELISA. The results are presented as the means + SDs.
ns nonsignificant; *P < 0.05; ***P < 0.001 (unpaired t-test). B Measurement of viral titers and viral genomic copies in the brains of mice. WT and
Vrk2~'~ mice (n = 3) were intraperitoneally infected with HSV-1 (5 x 107 pfu per mouse) or EMCV (5 x 10° pfu per mouse) for 4 days, and viral
titers and viral genomic copies in the brains of mice were then quantified by plaque assays and gPCR, respectively. The results are presented
as the means + SDs. ***P <0.001 (unpaired t-test). C Effects of VRK2 deficiency on virus-induced death of mice. WT and Vrk2~/~ mice were
intraperitoneally infected with HSV-1 (5 x 107 pfu per mouse, n = 9) or EMCV (5 x 10° pfu per mouse, n = 8), and the survival rates of mice were
then recorded for 2 weeks. P values were calculated by the log-rank (Mantel-Cox) test. The data are representative of two experiments with
similar results
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Fig. 3 VRK2 regulates mtDNA-triggered innate immune responses. A Effects of STING, VISA, or VRK2 deficiency on the transcription of the
Ifnb1 and Cxcl10 genes induced by transfection of HT-DNA or poly(l:C). Control Raw264.7 cells and Raw264.7 cells with knockout of the
indicated genes (1 x 10%) were transfected with HT-DNA (2 ug) or poly(l:C) (2 ug) via Fugene (4 ug) for 6 h prior to qPCR analysis of the
indicated genes. The knockout efficiency of each gRNA is shown in the right panel. The data shown are the mean + SD from one
representative experiment performed in triplicate. B Effects of STING, VISA, or VRK2 deficiency on the phosphorylation of TBK1 and IRF3
induced by transfection of HT-DNA or poly(l:C). The indicated knockout Raw264.7 cells (1 x 10°) were transfected with HT-DNA (2 pg) or poly(l:
C) (2 pg) via Fugene (4 pg) for the indicated times prior to immunoblot analysis with the indicated antibodies. C Measurement of virus-induced
ROS production. WT and Vrk2~'~ MLFs (2 x 10° were left uninfected or infected with HSV-1, EMCV, or SeV (MOI = 2) for the indicated times
before staining with DCFH-DA (2 uM) for 20 min and subsequent fluorescence detection for ROS measurement. D Measurement of virus-
induced changes in MMP. WT and Vrk2~/~ MLFs (2 x 10°) were left uninfected or infected with HSV-1, EMCV, or SeV (MOI = 2) for the indicated
times before staining with JC-10 (4 pM) for 20 min and subsequent fluorescence detection for MMP measurement. E Measurement of virus-
induced mtDNA release. WT and Vrk2~~ MLFs (2 x 107) were left uninfected or infected with HSV-1, EMCV, or SeV (MOI = 2) for 1 h prior to
subcellular fractionation and measurement of mtDNA release. P5K, mitochondrial fraction; S5K, nonmitochondrial cytosolic fraction. The data
shown are the mean + SD from one representative experiment performed in triplicate. ns nonsignificant; ***P < 0.001 (unpaired t-test).
F Measurement of the mtDNA depletion efficiency. WT and Vrk2~/~ MLFs were treated with EB (200 ng/ml) for 6 days prior to DNA extraction
and gPCR analysis of the indicated genes. The data shown are the mean + SD from one representative experiment performed in triplicate. ns
nonsignificant; ***P < 0.001 (unpaired t-test). G Effects of mtDNA depletion on virus-induced transcription of the Ifnb1 and Cxcl10 genes.
Control and EB (200 ng/ml)-treated WT and Vrk2~/~ MLFs (1 x 10°) were left uninfected or infected with HSV-1 or EMCV (MOI = 1) for 6 h prior
to qPCR analysis of the indicated genes. The data shown are the mean + SD from one representative experiment performed in triplicate. ns
nonsignificant; ***P < 0.001 (unpaired t-test)
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reactive oxygen species (ROS) and a decrease in MMP, which are
indicators of mitostress.>® We found that HSV-1 and EMCV caused
similar increases in ROS production and decreases in MMP within
2h of infection in both WT and Wrk2™/~ MLFs. In these
experiments, SeV infection had no marked effects on ROS
production or MMP in either WT or Vrk2~/~ MLFs (Fig. 3C, D). In
addition, HSV-1 and EMCV but not SeV triggered mtDNA release
into the cytosol in WT MLFs, and this effect was abolished in
Vrk2~/~ MLFs (Fig. 3E). These results suggest that infection with
HSV-1 and EMCV but not SeV causes mitostress that is
independent of VRK2. However, mtDNA release into the cytosol
after viral induction of mitostress requires VRK2.

We next examined whether VRK2-mediated mtDNA release is
important for innate antiviral responses. Previously, EB, which
intercalates into mtDNA base pairs and prevents DNA replication,
has been used to deplete cellular mtDNA without affecting the
cellular genomic DNA level3'*” We found that EB treatment
depleted mtDNA but not nuclear DNA in WT and Vrk2~/~ MEFs to
similar levels (Fig. 3F) and caused a marked decrease in Ifnb1
MRNA expression induced by infection with either HSV-1 or EMCV
in WT MLFs (Fig. 3G). In vrk2='~ MLFs, HSV-1 or EMCV infection-
triggered transcription of the Ifnb1 gene was obviously lower than
that in WT MLFs. In these experiments, EB treatment increased
virus-induced Ifnb1 transcription in Vrk2~~ MLFs (Fig. 3G). One
explanation for this observation is that EB treatment damages
nuclear DNA and causes the formation of micronuclei, which can
weakly trigger cGAS-STING-mediated Ifnb1 transcription. Taken
together, these results suggest that VRK2-mediated mtDNA
release into the cytosol after viral infection contributes to innate
immune responses to HSV-1 and EMCV.

VRK2 regulates VDAC-mediated mtDNA release

Next, we explored how VRK2 regulates mtDNA release and antiviral
innate immune responses. Previously, VRK2 was shown to activate
NFAT, a transcription factor that induces the transcription of several
cytokine genes.?* VRK2 modulates MAPK signaling by interacting
with the scaffold proteins KSR and JIP1.2"** We established MLFs
deficient in NFAT, KSR, or JIP1 by CRISPR-Cas9 genome editing
(Supplementary Fig. S3A). The results of qPCR experiments showed
that deficiency of NFAT or KSR inhibited the transcription of Ifnb1
Cxcl10 genes induced by infection with HSV-1 or EMCV or by
transfection of poly(l:C) or HT-DNA (Supplementary Fig. S3B). In
these experiments, JIP1 deficiency had no marked effects on the
transcription of the Ifnb1 and Cxcl10 genes induced by these
stimulators (Supplementary Fig. S3B). These results indicated that
NFAT and KSR are involved in innate immune responses triggered
by viral nucleic acids, whereas JIP1 is not involved in innate antiviral
responses. These results suggest that VRK2, NFAT, and KSR are
involved in distinct pathways of innate immune responses.

It has been reported that VRK2 is associated with BAX in
mitochondria and that loss of VRK2 increases the transcription of
BAX in A549 cells.® In our experiments, we found that VRK2 was
associated with BCL-xL but not BAX in the overexpression system
(Supplementary Fig. S4A). In addition, VRK2 deficiency had no
marked effects on the transcription of Bc/-x/ and Bax in Raw264.7
cells (Supplementary Fig. S4B). Several studies have reported that
apoptosis causes mtDNA release via BAX/BAK-forming pores
(BBFPs) without immune activation unless apoptosis-activated
caspases are inactivated.?’?’ Consistent with previous studies,
combination treatment with the apoptosis inducer ABT-737 and
the pan-caspase inhibitor Q-VD-OPh (A/Q) induced transcription
of the Ifnb1 gene, which was inhibited in BAX/BAK double
knockout cells (Supplementary Fig. S4C). However, in the same
experiments, transcription of the Ifnb1 gene induced by HSV-1 and
EMCV was not inhibited in BAX/BAK-deficient cells (Supplemen-
tary Fig. S4C). Moreover, BAX/BAK double knockout had no
marked effects on HSV-1- and EMCV-triggered mtDNA release
(Supplementary Fig. S4D). These results suggest that BBFPs are not
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required for virus-induced mtDNA release and innate immune
responses and that VRK2 regulates mtDNA release and antiviral
innate immune responses in a BAX-independent manner.

To unambiguously investigate how VRK2 regulates mtDNA
release after viral infection, we sought to identify VRK2-associated
proteins by biochemical purification and quantitative mass
spectrometry. Among the 295 candidate proteins, 41 were
mitochondrial proteins, including VDACT and VDAC3, which have
been shown to form oligomeric pores for mtDNA release upon
mitostress (Fig. 4A)." The results of confocal microscopy
experiments showed that VRK2 and VDAC1 were colocalized in
mitochondria (Fig. 4B). The results of transient transfection and
coimmunoprecipitation experiments confirmed that VRK2 inter-
acted with VDAC1, VDAC2, VDAC3, and the VDAC coupling protein
PBR but not with the mitochondrial matrix protein PPIF (Fig. 4C).
The results of endogenous coimmunoprecipitation experiments
indicated that VRK2 was constitutively associated with VDAC and
PBR in uninfected cells and that these association were enhanced
after HSV-1 infection (Fig. 4D). In the same experiments, VRK2 was
not associated with another mitochondrial membrane-associated
protein, VISA, which is involved in cytosolic viral RNA-triggered
innate immune responses (Fig. 4D). These results suggest that
VRK2 is associated with VDAC complexes.

We further examined the roles of VDAC complexes in virus-
induced mtDNA release and innate immune responses. We found
that knockout of Vdacl markedly inhibited virus-induced mtDNA
release (Fig. 4E) and transcription of the Ifnb1 gene (Fig. 4F). In the
same experiments, VDAC1 deficiency had no marked effects on
transcription of the Ifnb1 gene induced by transfection of HT-DNA
or poly(l:C) (Fig. 4F). In addition, transcription of the Ifnb1 gene
induced by A/Q was not inhibited by knockout of VdacT (Fig. 4F).
These results suggest that VDAC complexes are essential for virus-
induced mtDNA release and innate immune responses.

VRK2 facilitates mtDNA binding to VDACs

It has been reported that VRK2 functions as a kinase and
phosphorylates various substrates involved in different biological
processes, including nuclear mobility and autophagy***° To
investigate whether the kinase activity of VRK2 is required for virus-
triggered innate immune responses, we reconstituted Vrk2~'~ MLFs
with VRK2 or its kinase-inactive mutant (VRK2-KD). The gPCR results
showed that reconstitution with either VRK2 or VRK2-KD rescued
HSV-1- and EMCV-induced transcription of the Ifnb1 and Cxcl10 genes
in Vrk2~~ MLFs (Fig. 5A). In addition, both VRK2 and VRK2-KD were
minimally phosphorylated, and their phosphorylation levels were not
affected after viral infection (Supplementary Fig. S5A). VRK2 had no
effects on either the expression level or phosphorylation of VDACT in
either the presence or absence of viral infection (Supplementary
Fig. S5B, C). These results suggest that VRK2 regulates mtDNA release
and innate immune responses independent of its kinase activity.

It has been reported that mitostress triggers the binding of
mtDNA to VDAGs, leading to VDAC oligomerization and the
formation of pores in the mitochondrial outer membrane (MOM)
for mtDNA release from the mitochondrial matrix into the
cytosol.'”” We found that overexpression of VRK2 markedly
enhanced mtDNA binding to VDACT (Fig. 5B) but had no marked
effects on VDAC self-association or the interaction of VDAC with
PBR (Fig. 5C). Conversely, VRK2 deficiency impaired mtDNA
binding to VDAC1 in pulldown assays (Fig. 5D). Furthermore,
VRK2 deficiency inhibited virus-induced binding of endogenous
mtDNA to VDAC1 (Fig. 5E) as well as VDAC oligomerization
(Fig. 5F). These results suggest that VRK2 facilitates mtDNA
binding to VDACs and subsequent VDAC oligomerization.

VRK2 is essential for mtDNA-mediated innate immune responses
triggered by nonviral factors

mtDNA release triggered by nonviral factors is associated with
autoimmune and neurodegenerative diseases.'®*'*?  Under
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Fig. 4 VRK2 regulates VDAC-mediated mtDNA release. A Subcellular location analysis of VRK2-associated proteins identified by quantitative
mass spectrometry. B Colocalization of VRK2 with VDAC1. HT1080 cells were transfected with the indicated plasmids for 20 h before
incubation with MitoTracker for half an hour, and the cells were then fixed for immunostaining before visualization by confocal microscopy.
C Association of VRK2 with VDACs. HEK293 cells were transfected with the indicated plasmids for 20h and were then lysed for
coimmunoprecipitation with IgG or an anti-Flag antibody and subsequent immunoblot analysis with the indicated antibodies. D Association
of VRK2 with endogenous VDAC. Flag-VRK2 reconstituted Vrk2~'~ MLFs (2 x 107) were left uninfected or infected with HSV-1 (MOI = 2) for the
indicated times and were then lysed for coimmunoprecipitation with IgG or an anti-Flag antibody and subsequent immunoblot analysis with
the indicated antibodies. The gray value ratio of VDAC1 to VRK2 is shown (lower panel). E Effects of VDAC1 deficiency on virus-induced
mtDNA release. Control and VDAC1-deficient MLFs (2 x 10”) were left uninfected or infected with HSV-1 or EMCV (MOI = 2) for 1 h prior to
subcellular fractionation and mtDNA measurement. P5K, mitochondrial fraction; S5K, nonmitochondrial cytosolic fraction. F Effects of VDAC1
deficiency on the transcription of antiviral genes. Control and VDAC1-deficient MLFs (1 x 10°) were stimulated with A/Q (10 uM each), infected
with HSV-1 or EMCV (MOI = 1), or transfected with HT-DNA (2 pg) or poly(l:C) (2 pg) via Fugene (4 pg) for 6 h prior to qPCR analysis of the
indicated genes. The knockout efficiency of VdacT-gRNA is shown in the right panels. The data shown are the mean + SD from one

representative experiment performed in triplicate (E, F). ns nonsignificant; *P < 0.05; ***P < 0.001 (unpaired t-test)

physiological conditions, the cytosolic Ca*" concentration remains
at a relatively low level; however, upon exposure to different
stimuli, Ca®" is transported into the cytosol from intracellular
stores or the extracellular environment. It has been shown that an
increase in cytosolic Ca’" also results in an increase in
mitochondrial Ca®", leading to mitostress.'”** We found that LF,
a widely used transfection reagent that causes endolysosomal
damage to promote the delivery of nucleic acids into the
cytosol,** caused an increase in cytosolic Ca®" increase as well
as mitostress, as indicated by the increase in ROS production and
decrease in MMP, in Raw264.7 cells (Fig. 6A). In these experiments,
VRK2 deficiency had no marked effects on the LF-triggered
increase in cytosolic Ca®™ or mitostress (Fig. 6A). LF treatment
induced mtDNA release from mitochondria into the cytosol in
WT cells, which was impaired in Vrk2~/~ cells (Fig. 6B). Consistent
with these findings, knockout of Vdacl impaired LF-induced

SPRINGERNATURE

MtDNA release in MLFs (Fig. 6C). In addition, LF potently induced
the transcription of the Ifnb1 and Cxcl10 genes, which was
impaired in VRK2-, cGAS-, and STING/MITA-deficient but not VISA/
MAVS-deficient cells (Fig. 6D) and was also impaired in VDAC1-
deficient cells (Fig. 6E). Administration of LF to WT mice increased
the CXCL10 level in serum, and this increase was dramatically
inhibited in Vrk2~/~ mice (Fig. 6F).

As shown in Fig. 3A, the transfection reagent Fugene did not
induce the transcription of antiviral genes. Consistent with this
finding, Fugene did not cause an increase in cytosolic Ca®"
(Supplementary Fig. S6A). In contrast, treatment of cells with the
Ca*" ionophore PMA induced the release of mtDNA and the
transcription of antiviral genes (Supplementary Fig. S6B, C). H,0, also
caused a decrease in MMP (Supplementary Fig. S6D), and deficiency
of VRK2 or VDACT impaired H,O,-induced transcription of the Ifnb1
and Cxcl10 genes (Supplementary Fig. S6E). These results collectively
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Fig. 5 VRK2 facilitates mtDNA binding to VDACs. A Vrk2~/~ MLFs were stably reconstituted with VRK2 or VRK2-KD and were then left
uninfected or infected with HSV-1 or EMCV (MOI = 1) for 6 h before gPCR analysis of the indicated genes. The levels of VRK2 and VRK2-KD in
the cells were determined by immunoblotting. The data shown are the mean + SD from one representative experiment performed in
triplicate. B Effects of VRK2 on binding of mtDNA to VDACT. HEK293 cells were transfected with the indicated plasmids for 20 h. The lysates
were incubated with biotinylated mtDNA and streptavidin-Sepharose for 2 h. The bead-bound proteins were analyzed by immunoblotting
with the indicated antibodies. C Effects of VRK2 on VDAC1 self-association or interaction with PBR. HEK293 cells were transfected with the
indicated plasmids for 20 h and were then lysed for coimmunoprecipitation with an anti-HA antibody and subsequent immunoblot analysis
with the indicated antibodies. D Effects of VRK2 deficiency on mtDNA binding to VDACT. Control and VRK2-KO HEK293 cells were transfected
with HA-VDAC1 for 20 h, and cells were then lysed for mtDNA pulldown assays as described in (B). E Effects of VRK2 deficiency on virus-
induced endogenous mtDNA binding to VDAC1. WT and Vrk2~'~ MLFs (2 x 107) were left uninfected or infected with HSV-1 or EMCV (MOI = 2)
for an hour, and cells were then lysed for immunoprecipitation with anti-VDAC or anti-VRK2 antibodies and subsequent DNA extraction for
gPCR analysis of the indicated genes. The data shown are the mean + SD from one representative experiment performed in triplicate. ns
nonsignificant; ***P < 0,001 (unpaired t-test). F Effects of VRK2 deficiency on virus-induced VDAC oligomerization. Vrk2~/~ and WT MLFs (1 x
10°) were left uninfected or infected with HSV-1 or EMCV (MOI = 2) for 1 h, and cells were then lysed and crosslinked with EGS (100 uM). The
samples were analyzed by immunoblotting with the indicated antibodies. NSB nonspecific band

suggest that VRK2 is essential for Ca®*-induced mtDNA release and suggests that viral infection also causes mitostress, mtDNA release
innate immune responses triggered by nonviral mitostress inducers. into the cytosol, and cGAS-mediated innate immune
responses.'>*>% These collectively contribute to the induction
of robust innate immune responses for viral clearance. Other

DISCUSSION nonviral factors that cause mitostress also induce innate immune
For many years, it has been widely believed that innate immune responses via the mtDNA-cGAS pathway.?” While the mechanisms
responses to viruses are mostly induced by recognition of viral of viral nucleic acid-triggered innate immune responses have

nucleic acids by cellular PRRs."® Accumulated evidence currently been extensively investigated, the mechanism by which
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S5K, nonmitochondrial cytosolic fraction. C Effects of VDAC1 deficiency on LF-induced mtDNA release. Control and VDAC1-deficient MLFs (2 x
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E Effects of VDAC1 deficiency on LF-induced transcription of antiviral genes. Control and VDAC1-deficient MLFs (1 x 10°) were left untreated or
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mouse) (n =4 mice per genotype) for 5h before serum cytokines were measured by ELISA. The data shown are the mean = SD from one

representative experiment performed in triplicate (B-F). ns nonsignificant; *P < 0.05; **P < 0.01; ***P < 0.001 (unpaired t-test)

mitostress induces innate immune responses is not well under-
stood. In this study, we identified VRK2 as an essential regulator of
mtDNA release and innate immune responses after viral infection
and upon mitostress induced by nonviral factors.

We found that VRK2 deficiency dramatically inhibited the
phosphorylation of TBK1 and IRF3 as well as antiviral gene
transcription induced by different viruses, including HSV-1, MCMV,
and EMCV. In vivo experiments showed that VRK2-deficient mice
produced lower amounts of serum cytokines and were more
susceptible to HSV-1 and EMCV infection. These results suggest
that VRK2 plays an important role in robust innate immune
responses to different types of DNA and RNA viruses. Although
VRK2 plays a role in innate immune responses to various
DNA and RNA viruses, VRK2 deficiency had no marked effects
on antiviral gene transcription triggered by transfection of viral
DNA and RNA analogs, suggesting that VRK2 functions indepen-
dent of the classical viral nucleic acid-triggered innate immune
pathways. Several lines of evidence suggested that VRK2 plays a
crucial role in both mitostress and mtDNA-mediated innate
immune responses. First, HSV-1 and EMCV infection induced
mitostress and mMtDNA release into the cytosol, which was
impaired in VRK2-deficient cells. Second, both VRK2 deficiency
and mtDNA depletion inhibited antiviral gene transcription
induced by HSV-1 and EMCV. Third, the transfection reagent LF,
which causes endolysosomal damage,* caused Ca®" influx,
mtDNA release into the cytosol, and cGAS-STING-mediated innate
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immune responses. Our results suggest that VRK2 is required for
LF-triggered mtDNA release and subsequent innate immune
responses.

In our study, we examined the roles of VRK2 in innate immune
responses to a limited number of viruses, including HSV-1, MCMV,
EMCV, and SeV. Our results suggest that VRK2 is important for
innate immune responses to HSV-1, MCMV, and EMCV but not
SeV. This idea is consistent with our results showing that SeV failed
to induce mitostress and mtDNA release into the cytosol in host
cells. Previously, other viruses, such as influenza A virus, dengue
virus, and severe fever with thrombocytopenia syndrome virus,
have been shown to cause mtDNA release into the cytosol after
infection."*>#%%8 |t is possible that VRK2 also contributes to
innate immune responses to these viruses.

Previously, it has been reported that several types of pores
spanning mitochondrial membranes, including pores formed by
oligomerized VDACs and BBFPs formed by BAX/BAK, mediate the
release of mtDNA of distinct sizes under certain conditions.'”>"?”
Our results suggest that VDAC complexes but not BBFPs are
specifically required for mitostress-induced innate immune
responses. It has been demonstrated that cleavage of cGAS by
activated caspases during apoptosis is responsible for the inability
of mtDNA released through BBFPs to trigger cGAS-dependent
innate immune responses.*’

Reconstitution experiments indicated that VRK2 regulates
mtDNA release and innate immune responses independent of
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its kinase activity. Overexpression of VRK2 markedly enhanced
mtDNA binding to VDACT but had no marked effects on VDAC
self-association. Conversely, VRK2 deficiency impaired mtDNA
binding to VDAC1 and VDAC oligomerization. The simplest
explanation for these observations is that VRK2 facilitates mtDNA
binding to VDACs and subsequently promotes VDAC oligomeriza-
tion/pore formation for mtDNA release into the cytosol upon viral
infection or mitostress. Recently, it has been shown that oxidative
stress promotes mtDNA binding to VDACs, leading to VDAC pore
formation in the MOM and subsequent mtDNA release.'” It will be
interesting to investigate whether VRK2 is involved in these
processes in the future.

In conclusion, our findings identified a critical role of VRK2 in
mediating mtDNA release and cGAS-mediated innate immune
responses upon viral infection and mitostress. Since mtDNA-
triggered innate immune responses contribute to host defense
against various viruses as well as to certain autoimmune and
inflammatory diseases, the finding that VRK2 is involved in these
processes facilitates the understanding of the complicated
mechanisms underlying general innate immune responses and
reveals potential targets for intervention in certain immunological
and infectious diseases.
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