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The methyltransferase PRMT6 attenuates antiviral innate
immunity by blocking TBK1–IRF3 signaling
Hua Zhang1, Chaofeng Han1, Tianliang Li1, Nan Li1 and Xuetao Cao1,2

Protein arginine methyltransferases (PRMTs) play diverse biological roles and are specifically involved in immune cell development
and inflammation. However, their role in antiviral innate immunity has not been elucidated. Viral infection triggers the
TBK1–IRF3 signaling pathway to stimulate the production of type-I interferon, which mediates antiviral immunity. We performed a
functional screen of the nine mammalian PRMTs for regulators of IFN-β expression and found that PRMT6 inhibits the antiviral
innate immune response. Viral infection also upregulated PRMT6 protein levels. We generated PRMT6-deficient mice and found
that they exhibited enhanced antiviral innate immunity. PRMT6 deficiency promoted the TBK1–IRF3 interaction and subsequently
enhanced IRF3 activation and type-I interferon production. Mechanistically, viral infection enhanced the binding of PRMT6 to IRF3
and inhibited the interaction between IRF3 and TBK1; this mechanism was independent of PRMT6 methyltransferase activity. Thus,
PRMT6 inhibits antiviral innate immunity by sequestering IRF3, thereby blocking TBK1-IRF3 signaling. Our work demonstrates a
methyltransferase-independent role for PRMTs. It also identifies a negative regulator of the antiviral immune response, which may
protect the host from the damaging effects of an overactive immune system and/or be exploited by viruses to escape immune
detection.
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INTRODUCTION
The innate immune system protects hosts from viral infection by
eliciting a robust antiviral response through the recognition of
pathogen-associated molecular patterns (PAMPs).1, 2 Diverse
pattern-recognition receptors (PRRs) recognize viral nucleic acids
and trigger an antiviral immune response via the induction of
type-I interferon (IFN-I).3–5 Toll-like receptors (TLRs) recognize viral
double-stranded RNA (dsRNA) or single-stranded RNA (ssRNA) to
initiate IFN-I production.3 RIG-I-like receptors (RLRs) detect viral
dsRNA or ssRNA in the cytosol to facilitate IFN-I expression
through the adaptor protein MAVS,6–9 while DNA sensors detect
cytosolic viral DNA to induce IFN-I production via the adaptor
protein STING.10–12 Both MAVS-dependent and STING-dependent
signaling cascades result in the recruitment and activation of TBK1
and the subsequent activation of the transcription factors IRF3/7
and NF-κB, leading to the production of IFN-I and proinflammatory
cytokines and the induction of subsequent adaptive immune
responses.1 In the host, the antiviral innate immune response
should be of an appropriate duration and magnitude to efficiently
eliminate the invading viruses while avoiding undesirable
damage.13

The TBK1–IRF3 signaling cascade, which integrates both
the RNA-sensing and DNA-sensing pathways during viral
infection, is essential for the production of type-I interferon
and is tightly regulated. It has been reported that multiple

post-translational modifications (PTMs) are involved in modulating
TBK1–IRF3 signaling.14 For example, TBK1 activity is regulated by
phosphorylation, ubiquitination, and acetylation.14–18 We pre-
viously showed that Nrdp1 promotes IFN-I production in
response to TLR ligands by positively regulating the K63-
linked ubiquitination of TBK1.19 TBK1 can undergo K48-linked
ubiquitination by NLRP4/DTX4 and TRIP, leading to its proteaso-
mal degradation.20, 21 Recently, we found that Dnmt3a upregu-
lates HDAC9 to modify TBK1 acetylation in macrophages during
viral infection.22 The transcription factor IRF3 is also tightly
regulated: Pin1 negatively regulates IRF3 activity through
polyubiquitination-mediated proteasome-dependent degrada-
tion,23 while PTEN, a tumor suppressor, controls IRF3 nuclear
import by dephosphorylating Ser97.24 However, many mechan-
istic details regarding the activation and regulation of IRF3 remain
unclear.
Three types of arginine methylation are catalyzed by nine

protein arginine methyltransferases (PRMTs) in mammals.25 PRMTs
are ubiquitously expressed and govern important and diverse
cellular processes, including gene expression and pre-mRNA
splicing.25–27 Accumulating evidence has shown that dysregula-
tion of PRMTs drives the initiation and progression of several types
of cancers.28 Arginine methylation also plays critical roles in
the establishment and maintenance of the lymphoid and
myeloid lineages and in inflammatory responses.25, 29–31 The
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differentiation and expansion of hematopoietic stem cells or
progenitors are significantly affected by deficiencies in CARM1/
PRMT4 and PRMT5.25, 30 PRMT5 is also required for lymphocyte
development.30 In addition, PRMT1 and PRMT7 are required for B-
cell development.32, 33 Recent reports have demonstrated a
correlation between PRMTs and the inflammatory response,
mainly with respect to the regulation of NF-κB.31 Although
accumulating evidence has linked PRMTs with diverse cellular
functions and diseases, the role of PRMTs in innate immunity,
especially antiviral immunity, needs to be fully investigated.
PRMT6 catalyzes the methylation of H3R2 and H2AR29 to

suppress gene expression.34–36 Recent studies have revealed that
PRMT6 plays an important role in cancers28, 37 and acts as a
coactivator of NF-κB to facilitate transcription.38 However, the role
of PRMT6 in virus-induced innate immune signaling and type-I
interferon production remains unknown. Here, we show that
PRMT6 is an inhibitor of the TBK1–IRF3 signaling cascade and
plays a role in attenuating the antiviral immune response.

MATERIALS AND METHODS
Mice
Prmt6-deficient mice were generated using the CRISPR–Cas9
gene-editing system. Two gRNAs (5′- ACG AAT CCC AGC AGG CCC
CG-3′ and 5′-GAG ATC GCC TAT GCA AGT TG-3′) were designed to
target the single Prmt6-encoding exon (chromosome 3). Cas9
mRNA and gRNAs were microinjected into the fertilized eggs of
C57BL/6J mice to obtain F0 generation mice, and then the
sequence-validated F0 generation mice mated with C57BL/6J
mice to obtain positive F1 generation heterozygous mice.
Heterozygous mice were bred and viable homozygotes were
obtained. Genomic DNA was isolated from tails and analyzed by
PCR amplification using the following primers: 5′-TTA ATC CCA
GGA AAC TTG AGA CA-3′ and 5′-GAT TAG CTC GTG GAC CAA TTA
T-3′. All mice were bred in pathogen-free conditions. All animal
experiments were performed according to the National Institute of
Health Guide for the Care and Use of Laboratory Animals with
approval from the Scientific Investigation Board of Second Military
Medical University, Shanghai.

Cell culture
Bone marrow-derived macrophages (BMDMs) were prepared as
described previously.39 HEK293T, THP-1, A549, and Raw264.7 cell
lines were obtained from the American Type Culture Collection. All
cells were cultured in either DMEM or RPMI-1640 supplemented
with 10% fetal bovine serum (Gibco) in a 5% CO2 atmosphere at
37 °C.

Antibodies
Antibodies against RIG-I, TBK1, p65, IRF3, JNK, ERK, p38, lamin A/C,
HA-tag, Myc-tag (HRP-conjugated), Flag-tag (HRP-conjugated), and
phosphor-specific antibodies against IRF3(Ser396), p65(Ser536),
p38(Thr180/Tyr182), ERK(Thr202/Tyr204), and JNK(Thr183/Tyr185)
were purchased from Cell Signaling Technology. Antibodies
against PRMT5 and PRMT6 were from Abcam and Novus,
respectively. The V5-tag antibody was from Santa Cruz. The
agarose beads used for immunoprecipitation were from Sigma-
Aldrich. Fluorescent anti-mouse CD11b PerCP–Cy5.5 (clone: M1/
70) and anti-mouse Cd19 APC-eFluor 780 (clone: eBio1D3)
antibodies were from eBioscience. Fluorescent BV605 anti-mouse
CD45 (clone: 30-F11), FITC anti-mouse Ly-6G (clone: 1A8), AF700
anti-mouse Ly-6C (clone: HK1.4), and PE/Cy7 anti-mouse CD3ε
(clone: 145-2C11) antibodies were from BioLegend.

Plasmid constructs and transfection
cDNA fragments encoding mouse PRMT1–9, IRF3, and TBK1 were
amplified from Raw264.7 cells and cloned into separate pcDNA3.1
eukaryotic expression vectors. Deleted, truncated, and point-

mutated PRMT6 constructs were generated by PCR-based
amplification using the wild-type PRMT6 protein-coding construct
as the template. All constructs were confirmed by sequencing.
Plasmids were transiently transfected into HEK293T cells using
jetPEI reagents (Polyplus Transfection) according to the manu-
facturer’s instructions.

Luciferase reporter assay
HEK293T cells were seeded into 24-well plates at a density of 2 ×
105 cells/well. After 24 h, cells were transfected with the IFN-β
reporter and expression plasmids, as well as the Renilla luciferase
plasmid as an internal control. After 24 h of transfection, luciferase
activity was measured using the Dual-Luciferase Reporter Assay
System (Promega) according to the manufacturer’s instructions.

RNA quantification
Total RNA was extracted with Trizol reagent (Transgen) and
reverse-transcribed using the Reverse Transcription System
(Promega). Quantitative real-time RT-PCR analysis was performed
on a LightCycler (Roche) with the SYBR RT-PCR kit (Takara) as
described previously.40, 41 Data were normalized to Gapdh
expression. The primers used for real-time RT-PCR were as follows:
Gapdh (forward: 5′-AGG TCG GTG TGA ACG GAT TTG-3′, reverse: 5′-
TGT AGA CCA TGT AGT TGA GGT CA-3′), Prmt6 (forward: 5′-GAT
GGG CTA CGG ACT TCT GC -3′, reverse: 5′-GCA TCT GGT CGC TAA
TCG GG-3′), Ifna (forward: 5′-TAC TCA GCA GAC CTT GAA CCT-3′,
reverse: 5′-CAG TCT TGG CAG CAA GTT GAC-3′), Ifnb (forward: 5′-
ATG AGT GGT GGT TGC AGG C-3′, reverse: 5′-TGA CCT TTC AAA
TGC AGT AGA TTC A-3′), Il6 (forward: 5′-TAG TCC TTC CTA CCC CAA
TTT CC-3′, reverse: 5′-TTG GTC CTT AGC CAC TCC TTC-3′), and VSV
(forward: 5′-ACG GCG TAC TTC CAG ATG G-3′, reverse: 5′-CTC GGT
TCA AGA TCC AGG T-3′).

ELISA
Secreted cytokines in cell culture supernatants or sera from virus-
infected mice were analyzed using mouse IFN-α and IFN-β (PBL
Biomedical Laboratories) and mouse TNF and IL-6 (R&D Systems)
ELISA kits according to the manufacturer’s instructions.

Immunoprecipitation and immunoblotting
Total protein was extracted with cell lysis buffer (Cell Signaling
Technology) containing a protease inhibitor “cocktail” (Calbio-
chem) and 1mM phenylmethylsulfonyl fluoride (PMSF). Protein
concentration was measured using a BCA assay (Pierce).
Equivalent protein amounts were used for western blotting or
immunoprecipitation as previously described.40, 41

In vitro kinase assay
The TBK1–Myc construct was cotransfected into HEK293T cells
with PRMT6 expression vectors. Then TBK1–Myc was immunopre-
cipitated for a subsequent kinase assay as described previously.22

Nuclear and cytoplasmic extraction
Nuclear and cytoplasmic extraction was conducted with
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific) according to the manufacturer’s instructions. The
extracted fractions were used for immunoblotting analysis.

In vivo experiments and tissue staining
Age- and sex-matched groups of littermate mice were intraper-
itoneally infected with VSV (1.5 × 108 plaque-forming units per
gram of body weight). Hematoxylin-and-eosin staining was
performed as described previously.22

Flow cytometry
The phenotypes and proportions of neutrophils, monocytes,
T cells, and B cells in the blood and spleen of Prmt6+/+ and
Prmt6–/– mice were determined by flow cytometry.
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Statistical analysis
Data are presented as the mean ± SEM. Statistical tests were
performed using Student’s t test, one-way ANOVA, and the
generalized Wilcoxon test. p < 0.05 was considered significant and
denoted *p < 0.05, **p < 0.01, and ***p < 0.001.

RESULTS
Identification of PRMT6 as a negative regulator of type-I interferon
expression
To identify a potential role for PRMTs in antiviral innate immunity,
we conducted a functional screen using the nine PRMT members.
We individually overexpressed each of the nine PRMTs in
HEK293T cells along with an IFN-β luciferase reporter, as well as
key signaling proteins that activate interferon (IFN) transcription.
We found that each PRMT had a different effect on type-I
interferon expression (Fig. 1a). Notably, PRMT6 most potently
inhibited the expression of the IFN-β luciferase reporter induced
by RIG-I-2CARD, MAVS, TBK1, and IRF3–5D (Fig. 1a). We next
assessed the function of PRMT6 in Raw264.7 cells. In Raw264.7
cells stably overexpressing PRMT6, we found that IFN-I mRNA
levels, including IFN-α and IFN-β, were markedly reduced upon
VSV infection compared with control cells (Fig. 1b). Immunoblot-
ting analysis showed that PRMT6 overexpression inhibited the
phosphorylation of IRF3 upon VSV infection (Fig. 1c). In addition,
we transiently overexpressed PRMT6 in NIH3T3 mouse embryonic
fibroblast cells and A549 human lung adenocarcinoma cells and
then stimulated these cells with VSV; these experiments again
demonstrated that PRMT6 inhibited VSV-induced IRF3 phosphor-
ylation (Fig. S1a, b). Collectively, these results suggest that PRMT6

negatively regulates type-I interferon expression during antiviral
innate immune responses.
Viral infections usually result in altered expression of target

genes, especially those regulating antiviral innate immunity.
Immunoblot analysis of virus-infected cells demonstrated that
VSV and HSV-1 infection markedly increased PRMT6 expression in
mouse primary peritoneal macrophages and human THP-1 cells
(Fig. 1d–g). VSV infection also greatly increased PRMT6 expression
in human A549 cells (Fig. 1h). We further analyzed the expression
of PRMT6 in HBV-transfected HepG2.2.15 cells and found
increased PRMT6 expression in these cells compared to the
parental HepG2 cells (Fig. 1i). However, PRMT6 mRNA was not
significantly altered upon VSV and HSV-1 infection in macro-
phages (Fig. S2). Altogether, these data indicate that inducible
expression of PRMT6 negatively regulates antiviral innate
immunity.

PRMT6 deficiency enhances antiviral innate immunity in vivo
To investigate the functional significance of PRMT6 in the
host antiviral response in vivo, we generated PRMT6-deficient
(Prmt6–/–) mice using the CRISPR–Cas9 gene-editing system
(Fig. S3a–S3d). Prmt6–/– mice were comparable to littermate
(Prmt6+/+) mice in terms of body weight and spleen weight
and did not exhibit any obvious differences in immune
cell populations (Fig. S3e–S3g). We challenged the mice with
VSV (1.5 × 108 plaque-forming units [PFU]/g) and found
that Prmt6–/– mice were significantly more resistant to VSV
infection (as measured by overall survival) than Prmt6+/+ mice
(Fig. 2a). The VSV loads in the liver, spleen, and lung homogenate
supernatants from Prmt6–/– mice were significantly lower

Fig. 1 Identification of PRMT6 as a negative regulator of type-I interferon expression. a Luciferase activity in HEK293T cells transfected with
IFN-β luciferase reporter, the indicated signal proteins, and PRMT1–9. The results are expressed relative to Renilla luciferase activity. b Real-
time PCR analysis of Ifna and Ifnb mRNA in control Raw264.7 cells and Raw264.7 cells stably overexpressing PRMT6 infected with VSV for the
indicated lengths of time. The results are normalized to Gapdh expression. c Immunoblot analysis of total and phosphorylated IRF3 in control
Raw264.7 cells and PRMT6-overexpressing Raw264.7 cells infected with VSV for the indicated lengths of time. d–h Immunoblot analysis of
PRMT6 expression in mouse peritoneal macrophages (d, e), THP-1 cells (f, g), and A549 cells (h) infected with the virus for the indicated
lengths of time. i Immunoblot analysis of PRMT6 expression in HBV-transfected HepG2.2.15 cells. Data in a and b are presented as the mean ±
SEM of three independent experiments. Data in c–i are representative of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001
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than those from Prmt6+/+ mice 18 h post infection (Fig. 2b).
Q-PCR analysis revealed decreased VSV RNA levels in the infected
organs of Prmt6–/– mice (Fig. 2c). In addition, we observed
less infiltration of inflammatory cells into the lungs of Prmt6–/–

mice than in the lungs of Prmt6+/+ mice following infection
(Fig. 2d). Furthermore, Prmt6–/– mice produced significantly
higher levels of IFN-α, IFN-β, and IL-6 than Prmt6+/+ mice in
response to VSV infection (Fig. 2e). Altogether, these results reveal
that PRMT6 deficiency enhances the antiviral innate immune
response in vivo.

PRMT6 deficiency promotes IRF3 activation and increases type-I
interferon production
To further determine the function of PRMT6 in primary cells, we
prepared bone marrow-derived macrophages (BMDMs) from
Prmt6+/+ and Prmt6–/– mice. Upon VSV or HSV-1 infection,
Prmt6–/– BMDMs produced significantly more IFN-α, IFN-β, and
IL-6 than Prmt6+/+ BMDMs at both the mRNA and protein levels
(Fig. 3a–d). These data indicate that PRMT6 inhibits the antiviral
response in mouse BMDMs upon both RNA and DNA virus
infection. We then analyzed the signaling pathways responsible
for the induction of IFN-I and found that PRMT6 deficiency
increased the activation of IRF3 (Fig. 3e), consistent with our
earlier results in PRMT6-overexpressing Raw264.7 cells. The
activation of mitogen-activated protein kinases (MAPKs) and NF-
κB signaling was not affected by PRMT6 deficiency in VSV-infected
mouse BMDMs. Interestingly, PRMT6 deficiency had no observable
impact on the phosphorylation of TBK1, the binding partner of
IRF3. Thus, PRMT6 deficiency promotes antiviral innate immunity
by increasing IRF3 activation and type-I interferon production
upon viral infection.

PRMT6 inhibits IFN-I expression in a methyltransferase-
independent manner
To define the mechanism by which PRMT6 regulates antiviral
innate immunity, we performed a luciferase reporter assay in
which we overexpressed key signaling proteins that activate IFN
transcription and increasing amounts of PRMT6 vectors in
HEK293T cells. We found that PRMT6 inhibited luciferase reporter
expression induced by the indicated signaling proteins in a dose-
dependent manner (Fig. 4a).
Methyltransferase activity is important for many physiological

functions of PRMT family members. Many histone and non-histone
proteins have recently been identified as substrates of PRMT6.28, 37

Thus, we investigated whether the function of PRMT6 in antiviral
immunity depends on its methyltransferase activity. Several
studies have reported a catalytically inactive form of PRMT6
(PRMT6(dead)), which carries the mutation V86-L-D88 to K–L–A.38,
42 Therefore, we overexpressed key signaling proteins, either
catalytically active or inactive PRMT6, and the IFN-β luciferase
reporter in HEK293T cells. Unexpectedly, we found that both
PRMT6 and PRMT6(dead) overexpression significantly inhibited
luciferase reporter activity induced by all of the signaling proteins
tested (Fig. 4b). These data indicate that the inhibitory effect of
PRMT6 on IFN-I expression does not depend on its methyltrans-
ferase activity.

PRMT6 targets the TBK1–IRF3 signaling complex
The TBK1–IRF3 signaling cascade is a common pathway that is
activated by the adaptor proteins TRIF, MAVS, and STING. Our data
demonstrating that PRMT6 inhibits TRIF-induced, MAVS-induced,
and STING-induced IFN transcription suggested that PRMT6 may
target the TBK1 and IRF3 signaling complex. To test this, we co-

Fig. 2 PRMT6 deficiency enhances antiviral innate immunity in vivo. a Survival of Prmt6+/+ and Prmt6–/– mice after intraperitoneal injection of
VSV (1.5 × 108 plaque-forming units per gram of body weight) (n= 7). b Determination of VSV load in the liver, spleen, and lungs of Prmt6+/+

and Prmt6–/– mice 18 h after infection with VSV, as measured by TCID50 assay. c Real-time PCR analysis of VSV RNA levels in liver, spleen, and
lungs of Prmt6+/+ and Prmt6–/– mice 18 h after intraperitoneal injection with a medium or VSV. d Hematoxylin-and-eosin staining of lung
sections from mice in C. Scale bar, 50 μm. e ELISA demonstrating serum cytokine levels in Prmt6+/+ and Prmt6–/– mice after intraperitoneal
injection of VSV for the indicated lengths of time. Data in a and d are representative of three independent experiments. Data in b, c, and e are
presented as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01
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overexpressed TBK1, IRF3, and PRMT6 together with the IFN-β
luciferase reporter in HEK293T cells. As expected, expression of the
luciferase reporter was potently upregulated upon co-
overexpression of TBK1 and IRF3. However, luciferase reporter
expression was significantly inhibited in the presence of PRMT6
(Fig. 5a). Consistent with the decrease in luciferase activity, PRMT6
overexpression also decreased IRF3 phosphorylation (Fig. 5a).
These results indicate that PRMT6 inhibits antiviral innate
immunity by targeting the TBK1–IRF3 signaling complex.
The above data showed that TBK1 activation was unchanged,

while IRF3 phosphorylation was enhanced in VSV-infected PRMT6-
deficient BMDMs (Fig. 3e). Furthermore, PRMT6 functioned in a
methyltransferase-independent manner (Fig. 4b). These data
implied that PRMT6 instead influences signal transduction from
TBK1 to IRF3. To explore this, we first tested whether PRMT6
affects the kinase activity of TBK1. We transfected HEK293T cells
with TBK1 and increasing amounts of PRMT6 expression vectors
and then immunoprecipitated TBK1. A glutathione S-transferase
(GST)-fused IRF3 peptide (IRF3 amino acids 380–427) was used as
a substrate for the immunoprecipitated TBK1 in a kinase assay.
Immunoblotting analysis showed that IRF3 phosphorylation by
TBK1 was not affected in the presence of PRMT6 (Fig. 5b),
indicating that PRMT6 does not affect the kinase activity of TBK1.
Thus, we further investigated the interaction between TBK1 and
IRF3 in Prmt6–/– BMDMs upon VSV infection. We found that the
TBK1–IRF3 interaction was enhanced and that consequently, IRF3
phosphorylation was increased in Prmt6–/– BMDMs compared to

Prmt6+/+ BMDMs upon VSV infection (Fig. 5c). Taken together,
these results indicate that PRMT6 negatively regulates the antiviral
innate immune response by targeting the assembly of the
TBK1–IRF3 signaling complex without affecting the kinase activity
of TBK1.

PRMT6 disrupts the assembly of the TBK1–IRF3 signaling complex
by binding and sequestering IRF3
To determine how PRMT6 modulates the TBK1–IRF3 interaction,
we analyzed the molecular targets of PRMT6. We overexpressed
PRMT6 with TBK1, IKKε, IRF3, or IRF7 in HEK293T cells. Co-
immunoprecipitation followed by immunoblotting revealed that
PRMT6 interacts with IRF3 but not with TBK1, IKKε, or IRF7 (Fig. 6a,
b). To examine the interaction between endogenous PRMT6 and
IRF3 under physiological conditions, we first determined the
cellular localization of PRMT6. By analyzing nuclear and cytoplas-
mic cellular fractions, we found that PRMT6 was mainly localized
to the cytoplasm in both human THP-1 cells and mouse BMDMs
(Fig. S4a, b). In addition, microscopic analysis showed that
overexpressed PRMT6 was also mainly localized to the cytoplasm
of HEK293T cells (Fig. S4c). Co-immunoprecipitation followed by
immunoblotting revealed that PRMT6 constitutively interacted
with IRF3 in unstimulated BMDMs (Fig. 6c). Following VSV
infection, the interaction between PRMT6 and IRF3 was enhanced,
and the bound IRF3 was weakly phosphorylated (Fig. 6c).
We then investigated whether the binding of PRMT6 to IRF3

affected the interaction between TBK1 and IRF3. We

Fig. 3 PRMT6 deficiency promotes IRF3 activation and increases IFN-I production. a, b Real-time PCR analysis of Ifna, Ifnb, and Il6 mRNA in
Prmt6+/+ and Prmt6–/– BMDMs infected with VSV (a) and HSV-1(b) for the indicated lengths of time. c ELISA demonstrating cytokine levels in
supernatants from Prmt6+/+ and Prmt6–/– BMDMs infected with VSV for the indicated lengths of time. d ELISA demonstrating cytokine levels
in supernatants from Prmt6+/+ and Prmt6–/– BMDMs infected with HSV-1. e Immunoblot analysis of phosphorylation of the indicated
molecules in Prmt6+/+ and Prmt6–/– BMDMs infected with VSV for the indicated lengths of time. Data in a–d are presented as the mean ± SEM
of three independent experiments. Data in e are representative of three independent experiments. **p < 0.01
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overexpressed TBK1, IRF3, and PRMT6 in HEK293T cells. Co-
immunoprecipitation followed by immunoblotting revealed that
TBK1 strongly interacts with IRF3 to promote IRF3 activation. This
interaction and the activation of IRF3 were markedly reduced by
PRMT6 overexpression (Fig. 6d). Interestingly, PRMT6(dead) had
the same effect as wild-type PRMT6 (Fig. 6d), which was consistent
with the methyltransferase-independent role of PRMT6 in the
inhibition of innate immune signaling and IFN-I expression. We
further analyzed the dynamic interactions between IRF3, TBK1,
and PRMT6 under physiological conditions at various time points
after VSV infection. In resting BMDMs, TBK1 was not associated
with IRF3, but a small amount of PRMT6 was constitutively
associated with IRF3 (Fig. 6e). After infection with VSV, the
TBK1–IRF3 signaling complex was assembled, triggering the
antiviral innate response; TBK1–IRF3 association peaked at 4 h
post infection and then weakened and returned to resting levels
(Fig. 6e). The interaction of PRMT6 with IRF3 was maintained

during the first 4 h of VSV infection, was enhanced beginning at 6
h, peaked at 8 h post infection, and then returned to resting levels
(Fig. 6e). Thus, the enhanced interaction of PRMT6 and IRF3 can
inhibit the TBK1–IRF3 interaction. This dynamic interaction
between IRF3, TBK1, and PRMT6 allowed the antiviral innate
immune response to be finely triggered and tightly regulated.
Altogether, these results suggest that PRMT6 binds and sequesters
IRF3, blocking the TBK1–IRF3 interaction and inhibiting the
activation of IRF3 and the subsequent production of IFN-I upon
viral infection.

The AA189–318 domain of PRMT6 is critical for blocking the
TBK1–IRF3 interaction
To better identify the specific domain of PRMT6 responsible for
mediating the inhibition of TBK1–IRF3 signaling, we constructed
PRMT6 deletion mutants according to its domain structure
(Fig. 7a). We first tried to determine which domain of PRMT6 is

Fig. 4 PRMT6 inhibits IFN-I expression in a methyltransferase-independent manner. a Luciferase activity in HEK293T cells transfected with the
IFN-β luciferase reporter, the indicated adaptor proteins, and increasing amounts of PRMT6. The results are expressed relative to Renilla
luciferase activity. b Luciferase activity in HEK293T cells transfected with the IFN-β luciferase reporter, the indicated adaptor proteins, and the
empty vector (EV), PRMT6, or the catalytically inactive PRMT6 (PRMT6(dead)). The results are expressed relative to Renilla luciferase activity.
Data in a and b are presented as the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001
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responsible for the interaction with IRF3 and found that the N-
terminal domain of PRMT6 was sufficient for the interaction with
IRF3 (Fig. 7b). We also found that the domain deletion mutants of
PRMT6 exhibited altered dimerization (Fig. S5); however, it
seemed that the binding of PRMT6 to IRF3 was not affected by
the ability of PRMT6 to dimerize (Fig. 7b). Additionally, we found
that the domain deletion mutants of IRF3 failed to interact with
PRMT6 (Fig. S6), indicating that the complete conformational
structure of IRF3 is critical for PRMT6 binding.
We then overexpressed PRMT6 mutants together with key

signaling proteins and the IFN-β luciferase reporter in
HEK293T cells. We found that PRMT6(Δ189–318) rescued the
expression of the luciferase reporter induced by MAVS, TBK1, and
IRF3–5D overexpression (Fig. 7c). PRMT mutants, including one
with deletion of the methyltransferase domain (MTA), inhibited
luciferase activity to the same level as wild-type PRMT6 (Fig. 7c).
Additionally, co-immunoprecipitation followed by immunoblot-
ting showed that PRMT6 blocked the TBK1–IRF3 interaction and
subsequent IRF3 phosphorylation; PRMT6(Δ189–318) rescued
these effects, while other mutants of PRMT6 failed to do so
(Fig. 7d). These data indicate that the 189–318 amino acids of
PRMT6 are critical for blocking the TBK1–IRF3 interaction and
inhibiting type-I interferon production, indicating a unique
mechanism of TBK1–IRF3 signaling modulation.
To better understand how PRMT6 blocks TBK1–IRF3 signaling

via its AA189–318 domain, we examined the conservation of this
sequence. We found that these amino acids are highly conserved
between mouse and human PRMT6 and that this region is quite
different from that found in other PRMTs (Fig. S7). Thus, we cloned
the 189–318 amino acids of PRMT6 (PRMT6(189–318)) and co-
overexpressed TBK1, IRF3, and PRMT6 mutants together with the
IFN-β luciferase reporter in HEK293T cells. Unexpectedly, PRMT6
(189–318) failed to inhibit the expression of the luciferase reporter
induced by TBK1 and IRF3 co-overexpression (Fig. 7e). Further co-
immunoprecipitation and immunoblotting showed that PRMT6
bound IRF3 and blocked the TBK1–IRF3 interaction and subse-
quent IRF3 activation. Although PRMT6(Δ189–318) and WT PRMT6

bound equally well to IRF3, the mutant failed to inhibit the
TBK1–IRF3 interaction and IRF3 activation. PRMT6(189–318)
neither failed to bind IRF3 nor blocked the TBK1–IRF3 interaction
and IRF3 activation (Fig. 7f). Collectively, these data indicate that
both the N-terminal domain and the AA189–318 domain of
PRMT6 are required to block the TBK1–IRF3 interaction and IRF3
activation: the N-terminal domain of PRMT6 binds to IRF3, and the
AA189–318 domain may act to block the interaction between
TBK1 and IRF3.
IRF3–5D is constitutively active and has been widely used for

IFN gene induction. Our earlier data showed that PRMT6 could
inhibit the expression of the IFN-β luciferase reporter induced by
IRF3–5D (Figs. 1a, 4, and 7c). To determine the possible
mechanism of this inhibition, we co-overexpressed IRF3–5D and
PRMT6 in HEK293T cells and found that PRMT6 could bind to
IRF3–5D (Fig. S8a). Furthermore, PRMT6 overexpression decreased
the nuclear translocation of IRF3–5D and increased IRF3–5D
retention in the cytoplasm (Fig. S8b). These results suggest that
PRMT6 can inhibit the nuclear translocation of IRF3–5D.

DISCUSSION
In this report, we identified PRMT6 as a virally induced protein that
negatively regulates antiviral innate immunity. We found that
PRMT6 deficiency enhanced the antiviral immune response by
promoting the activation of IRF3 and the production of type-I
interferon. Mechanistically, PRMT6 acted as an inhibitor of
TBK1–IRF3 signaling to prevent IRF3 activation. Therefore, our
results provide new insight into the regulation of
TBK1–IRF3 signaling and present a PRMT molecule as a key
regulator of antiviral innate immunity.
The function of PRMT6 in gene expression has been largely

validated. PRMT6-mediated methylation of H3R2 and H2AR29
induces repression of gene transcription. Furthermore, PRMT6
plays oncogenic roles in several types of cancers, typically through
the regulation of p53/p21 gene expression or the modulation of
p21 localization by direct arginine methylation.42–44 However, we

Fig. 5 PRMT6 targets the TBK1–IRF3 signaling complex. a Luciferase activity (top) and immunoblot analysis (below) of HEK293T cells
transfected with IFN-β luciferase reporter and the indicated vectors. b In vitro kinase assay demonstrating the levels of phosphor-IRF3 (Ser396)
and total IRF3 in HEK293T cells transfected with GST–IRF3(380–427) as the substrate and the indicated combinations of TBK1–Myc and
PRMT6–V5. Immunoblot analysis was used to assess proteins immunoprecipitated with an anti-Myc antibody or GST-fused IRF3 peptide (top)
as well as whole-cell lysates (below). c Co-immunoprecipitation and immunoblot analysis of Prmt6+/+ and Prmt6–/– BMDMs infected with VSV
for the indicated lengths of time. Data in a–c are representative of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001
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have demonstrated a methyltransferase-independent role for
PRMT6 in the regulation of antiviral innate immunity, which is
dependent on its N-terminal domain and AA189–318 domain. The
N-terminal domain of PRMT6 binds to IRF3, and its AA189–318
domain may act as an inhibitor of the TBK1–IRF3 interaction, thus
displaying a unique method of TBK1–IRF3 signaling modulation.
These findings also provide a new understanding of the function
of PRMTs in different cellular processes.
The TBK1–IRF3 signaling cascade is the main pathway

responsible for the induction of type-I interferon production.
The activities of TBK1 and IRF3 have been reported to be under
precise control through distinct mechanisms.14 PTMs, including
phosphorylation, ubiquitination, and acetylation, stand out as the
critical mechanism, by which the activation of TBK1 and IRF3 is
regulated during viral infection. Other studies have also revealed
distinct mechanisms by which TBK1–IRF3 signaling can be
modulated: MSX1 modulates RLR-mediated activation of IRF3 by
facilitating the assembly of a TBK1-associated complex;45 S6K
enhances antiviral immunity by facilitating the recruitment of IRF3
to STING in response to DNA virus infection in BMDCs;46 and
cFLIPL inhibits IFN-I production by interrupting the interaction
between IRF3, CBP, and target DNA.47 In contrast, our study found
that PRMT6 acts to block TBK1–IRF3 signaling: the binding of
PRMT6 to IRF3 significantly inhibited the viral infection-induced
TBK1–IRF3 interaction. These findings reveal a new strategy to
attenuate the antiviral immune response, which may be an
important mechanism to check the potential destructive effects of
an overactive immune system on the host. Our findings also lead
us to question whether viruses have evolved this strategy to
escape the host immune response. Although this needs further
investigation, there are some preliminary data supporting this
model. According to published gene-profiling data, PRMT6
expression is upregulated in whole blood cells of dengue
hemorrhagic fever and dengue fever patients compared with

healthy control volunteers, though PRMT6 expression returns to
normal levels in convalescent patients (Fig. S9a; GEO accession no.
GDS5093). In addition, PRMT6 is upregulated in Nef-expressing
CD4+ T cells (Nef is a critical factor involved in simian
immunodeficiency virus replication) (Fig. S9b; GEO accession no.
GDS2164). Moreover, HPV-positive head and neck squamous cell
carcinoma tumors also show a slightly upregulated PRMT6
expression (Fig. S9c; GEO accession no. GDS1667). These data
indicate that PRMT6 is upregulated during viral infection, possibly
helping the virus to inhibit the immune response and escape
immune system detection. The elevated PRMT6 expression returns
to normal when effective treatments are used and invading
viruses are eliminated. These data, together with our results,
suggest an important potential connection between PRMT6 and
human infectious diseases and indicate that the targeting of
PRMT6 has possible clinical applications in the treatment of viral
infectious diseases.
Arginine methylation governs important cellular processes that

affect many aspects of cellular functions. Using hydrophilic
interaction liquid chromatography (HILIC) coupled to heavy
methyl-stable isotope labeling by amino acids in cell culture
(SILAC)-based mass spectrometry, researchers have found that the
arginine-methylated proteins were mainly implicated in endoso-
mal trafficking, chromatin remodeling, transcription, RNA proces-
sing, and translation in T cells.48 The arginine-methylated proteins
in mouse brains and embryos showed a diverse distribution of
protein functions, as revealed by immunoaffinity purification
coupled with liquid chromatography–tandem mass spectrometry
(IAP–LC–MS/MS).49 Although PRMT6 was the most powerful
negative regulator of all of the PRMTs in our functional
screening experiment, other PRMT members may be able to
modulate innate immunity to some extent. On the other hand,
arginine methylation of key adaptors in the innate immune
response has not been identified. Thus, it is of great value to

Fig. 6 PRMT6 binds and sequesters IRF3 to disrupt assembly of the TBK1–IRF3 signaling complex. a Co-immunoprecipitation and immunoblot
analysis of HEK293T cells transfected with PRMT6–V5 and Myc-tagged TBK1, IKKε, IRF3, or IRF7. b Co-immunoprecipitation and immunoblot
analysis of HEK293T cells transfected with PRMT6–V5 and IRF3-Flag. c Co-immunoprecipitation and immunoblot analysis of BMDMs infected
with VSV for the indicated lengths of time. d Co-immunoprecipitation and immunoblot analysis of HEK293T cells transfected with IRF3-Flag,
TBK1–Myc, and PRMT6 or PRMT6(dead). e Co-immunoprecipitation and immunoblot analysis of BMDMs infected with VSV for the indicated
lengths of time. Data in a–e are representative of three independent experiments
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define the role of PRMTs and arginine methylation in antiviral
innate immunity.
In addition to their important roles in antiviral innate immunity,

TBK1 and IRF3 are also involved in many other cellular processes.
TBK1 and IRF3 are ubiquitously expressed in many cell types,
including cancer cells. Given that PRMT6 also plays a role in
cancer, our findings regarding the mechanisms of PRMT6 may also
be relevant in cancer, though this will require further
investigation.
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