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HDAC6 regulates cellular viral RNA sensing by
deacetylation of RIG-I
Su Jin Choi1,†, Hyun-Cheol Lee2,†, Jae-Hoon Kim2, Song Yi Park1, Tae-Hwan Kim2, Woon-Kyu Lee3,

Duk-Jae Jang2, Ji-Eun Yoon4, Young-Il Choi5, Seihwan Kim5, JinYeul Ma6, Chul-Joong Kim2,

Tso-Pang Yao7, Jae U Jung8, Joo-Yong Lee1,* & Jong-Soo Lee2,**

Abstract

RIG-I is a key cytosolic sensor that detects RNA viruses through its
C-terminal region and activates the production of antiviral inter-
ferons (IFNs) and proinflammatory cytokines. While posttransla-
tional modification has been demonstrated to regulate RIG-I
signaling activity, its significance for the sensing of viral RNAs
remains unclear. Here, we first show that the RIG-I C-terminal
region undergoes deacetylation to regulate its viral RNA-sensing
activity and that the HDAC6-mediated deacetylation of RIG-I is
critical for viral RNA detection. HDAC6 transiently bound to RIG-I
and removed the lysine 909 acetylation in the presence of viral
RNAs, promoting RIG-I sensing of viral RNAs. Depletion of HDAC6
expression led to impaired antiviral responses against RNA viruses,
but not against DNA viruses. Consequently, HDAC6 knockout mice
were highly susceptible to RNA virus infections compared to wild-
type mice. These findings underscore the critical role of HDAC6 in
the modulation of the RIG-I-mediated antiviral sensing pathway.
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Introduction

Retinoic-acid-inducible gene-I (RIG-I)-like receptors (RLRs), includ-

ing RIG-I and melanoma differentiation-associated protein 5

(MDA5), play key roles in innate immune responses against virus

infection (Yoneyama et al, 2004, 2005; Akira et al, 2006; Pichlmair &

Reis e Sousa, 2007). Invading RNA viruses are recognized by RLRs

in the cytosol. RLRs activate the signaling adaptor protein mitochon-

drial antiviral signaling protein (MAVS; also known as IPS-1, VISA,

or CARDIF) and initiate downstream signaling pathways to induce

antiviral responses, such as the production of type I interferons

(IFNs) and proinflammatory cytokines (Akira et al, 2006; Kawai &

Akira, 2006; Pichlmair & Reis e Sousa, 2007; Loo & Gale, 2011).

RIG-I has been reported to recognize 50-triphosphate-containing
double-stranded RNA from diverse viruses or short double-stranded

RNA molecules and has been the subject of extensive research inter-

est as a viral sensor (Yoneyama et al, 2004, 2005; Akira et al, 2006;

Pichlmair & Reis e Sousa, 2007). RIG-I comprises two N-terminal

tandem caspase activation and recruitment domains (CARDs), a

central DExH-box-type RNA helicase composed of two Rec A

domains (Hel-1 and Hel-2; the SF2 helicase core), and a C-terminal

regulatory domain (CTD) (Wang et al, 2010; Kowalinski et al, 2011).

In uninfected cells, RIG-I exists in an autorepressed conformation in

which the CARDs are not available for inducing downstream signal

transduction (Takahasi et al, 2008). Upon viral infection, viral RNAs

bind both the CTD and the helicase domain, thereby activating the

ATPase activity of the helicase domain, which in turn triggers a

conformational change to expose the masked CARDs (Kowalinski

et al, 2011; Luo et al, 2011; Leung & Amarasinghe, 2012). The CARD

of RIG-I then interacts with its downstream molecule, MAVS, to trig-

ger antiviral responses (Kowalinski et al, 2011; Luo et al, 2011;

Leung & Amarasinghe, 2012).

Several positive or negative regulatory mechanisms for the

control of RIG-I-mediated antiviral signaling have been described,

including posttranslational modifications of RIG-I. The importance

of RIG-I ubiquitination (Gack et al, 2007; Oshiumi et al, 2013),

phosphorylation (Gack et al, 2010), and SUMOylation (Mi et al,

2010), which regulate its function, has been demonstrated.

However, the role of RIG-I acetylation on innate immune responses
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has not been investigated to date. Regarding the mechanisms of

RIG-I-mediated viral sensing, there is still significant uncertainty as

to how RIG-I binds and recognizes RNAs in virus-infected cells and

how this process is regulated. In addition, the role of RIG-I acetyla-

tion in modulating its binding activity or the recognition of viral

RNAs remains to be elucidated.

Histone deacetylase 6 (HDAC6) is a cytoplasmic deacetylase

important for the regulation of cytoskeletal and mitochondrial func-

tions (Hubbert et al, 2002; Kovacs et al, 2005; Zhang et al, 2007;

Lee et al, 2010a,b, 2014). Recently, HDAC6 has been shown to regu-

late replication of human immunodeficiency virus (HIV) and influ-

enza A virus (IVA) (Valenzuela-Fernandez et al, 2005; Mosley et al,

2006; Husain & Cheung, 2014; Lucera et al, 2014), and innate anti-

viral immunity (Nusinzon & Horvath, 2006; Zhu et al, 2011;

Chattopadhyay et al, 2013). However, it remains unknown how

HDAC6 is connected to the antiviral signaling network and whether

it plays a critical role in antiviral immunity under physiological

conditions in animal.

In the present study, we show that HDAC6 knockdown in vitro

and HDAC6-deficient mice show impaired innate immune responses

against RNA viruses. Investigation of the underlying mechanism

showed that, upon RNA virus infection, HDAC6 transiently binds

RIG-I and deacetylates lysine 909 (K909), which result in activating

CTD of RIG-I to bind and recognize viral RNAs. These findings

undercover a novel mechanism of RIG-I activation mediated by

HDAC6-dependent deacetylation, facilitating the recognition of viral

RNA by the CTD domain of RIG-I to induce innate immune

responses against RNA virus infection.

Results

HDAC6 is essential for the protection of mice against
VSV-Indiana infection

To determine whether HDAC6 plays a physiological role in an RNA

virus infection in vivo, HDAC6+/+ and HDAC6�/� mice were intra-

venously infected with vesicular stomatitis virus (VSV, Indiana

strain). As shown in Fig 1A, HDAC6�/� mice are more susceptible

to VSV-Indiana infection than HDAC6+/+ mice and showed signifi-

cantly decreased survival rate. The virus titer and replication were

measured in samples taken from the brain and spleen of mice

5 days after infection with VSV-Indiana; the results showed that

viral titers were significantly higher in HDAC6�/� mice than in

HDAC6+/+ mice (Fig 1B and C). To determine the effects of HDAC6

deficiency on viral clearance and IFN production in serum, VSV-

GFP, which shows low virulence, was intravenously injected into

HDAC6+/+ and HDAC6�/� mice and VSV-GFP titers and IFN-b and

IL-6 levels in the serum were measured every 6 h. Consistent with

previous results, virus titers were significantly higher and IFN-b and

IL-6 production was markedly lower in HDAC6�/� mice than in

HDAC6+/+ mice (Fig 1D and E). In addition, we examined the role

of HDAC6 in cytokine induction by poly(I:C), which is a synthetic

double-stranded RNA (dsRNA). Intravenous injection of poly(I:C)

caused the rapid and robust induction of IFN-b and IL-6 in

HDAC6+/+ mice; however, induction of these cytokines was signifi-

cantly reduced in HDAC6�/� mice (Fig 1F). These results indicated

that HDAC6 plays an important role in the antiviral immune

response by producing IFNs and proinflammatory cytokines in

responses to foreign RNA viruses.

HDAC6 is involved in antiviral response against RNA viruses in
macrophages and peripheral blood mononuclear cells

The antiviral role of HDAC6 was evaluated in bone marrow-derived

macrophages (BMDMs) and peripheral blood mononuclear cells

(PBMCs) from HDAC6+/+ and HDAC6�/� mice. After infection with

VSV-GFP, influenza A virus (PR8-GFP), and Newcastle disease virus

(NDV-GFP), virus replication was first measured in HDAC6+/+ and

HDAC6�/� BMDMs. As shown in Fig 2A and B and Appendix Fig

S1A and B, virus replication was consistently increased in HDAC6�/�

BMDMs compared with that in HDAC6+/+ BMDMs. Measurement of

IFN-b and IL-6 secretion in BMDMs after virus infection or poly(I:C)

and 50-triphosphate dsRNA (50ppp-dsRNA) treatment showed that

IFN-b and IL-6 production was lower in HDAC6�/� BMDMs than in

HDAC6+/+ BMDMs (Fig 2E and Appendix Fig S1C). By contrast,

there was no significant difference in virus replication or IFN-b and

IL-6 secretion in BMDMs infected by the DNA virus herpes simplex

virus (HSV-GFP) or in cells treated with poly(dA:dT), a viral

DNA-like molecule (Fig 2C and Appendix Fig S2A). Furthermore,

PBMCs isolated from HDAC6+/+ and HDAC6�/� mice infected by

VSV-GFP showed a similar pattern to that observed in BMDMs

(Fig 2D and Appendix Fig S2B). These results suggested that HDAC6

deficiency suppresses production of type I IFNs and proinflammatory

cytokines and selectively enhance the RNA virus infection.

We next examined the effects of HDAC6 deficiency on RNA

virus-mediated activation of downstream signaling pathways in

HDAC6+/+ and HDAC6�/� BMDMs. HDAC6+/+ and HDAC6�/�

BMDMs were infected with PR8-GFP, and phosphorylation of IFN-

related signaling molecules and phosphorylation of IKBa related to

NF-jB activation were confirmed. As shown in Fig 2F and

Appendix Fig S3, the phosphorylation levels of IRF3 and TBK1 were

markedly lower in HDAC6�/� BMDMs or siHDAC6-transfected

RAW264.7 cells than in HDAC6+/+ BMDMs or control RAW264.7

cells, and the levels of phosphorylated IKBa were lower in

HDAC6�/� BMDMs than in their HDAC6+/+ counterparts. The

mRNA levels of IFN-b, IFN-a, or antiviral-related genes were also

assessed in BMDMs with 50ppp-dsRNA. As shown in Fig 2G,

HDAC6�/� BMDMs showed lower levels of gene expression than

HDAC6+/+ BMDMs. Collectively, these results suggested that

HDAC6 positively regulates the type I IFN signaling pathway and

antiviral gene expression induced by RNA virus infection in primary

immune cells.

HDAC6 positively regulates the innate antiviral response in
RAW264.7 cells and fibroblasts

The physiological role of HDAC6 in the response to virus infection

was further investigated in RAW264.7 cells and in mouse embryonic

fibroblasts (MEFs) isolated from HDAC6+/+ or HDAC6�/� mice. We

first showed that an HDAC6-specific small interfering RNA (siRNA)

efficiently inhibited the expression of endogenous HDAC6

(Appendix Fig S4A). Similar to HDAC6�/� BMDMs or PBMCs,

HDAC6 knockdown RAW264.7 cells showed higher levels of virus

replication than control cells upon infection with VSV-GFP and

PR8-GFP (Fig 3A and B). Consistent with this, we confirmed that
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siRNA knockdown of HDAC6 significantly reduced the production of

IFN-b and IL-6 in RAW264.7 cells infected with virus or in cells

treated with poly(I:C) and 50ppp-dsRNA (Fig 3C). HDAC6-dependent

virus replication and induction of IFN-b and IL-6 were also

confirmed in fibroblasts (Fig 3D–F and Appendix Fig S3B). Similar to

the results obtained in immune cells, HDAC6�/� MEFs showed

increased replication of VSV-GFP and PR8-GFP, and lower levels of

IFN-b and IL-6 secretion than control cells. Furthermore, when

HDAC6�/� MEFs were reconstituted with wild-type HDAC6

(Appendix Fig S3C), the replication of VSV-GFP was reduced

A

B

C

D E

F

Figure 1. HDAC6�/� mice are susceptible to lethal RNA virus infection and show decreased cytokine production.

A The survival of age- and sex-matched HDAC6+/+ mice and HDAC6�/� mice was monitored for 9 days after intravenous VSV-Indiana infection (2 × 108 pfu/mouse;
n = 12 per group; log-rank test).

B Determination of the viral load in organs by standard plaque assay. HDAC6+/+ and HDAC6�/� mice were intravenously infected with VSV-Indiana, and the brain and
spleen were collected at 5 dpi (2 × 108 pfu/mouse; n = 6 per group; Mann–Whitney test).

C Determination of viral loads in organs by qPCR of VSV viral transcripts. The brain and spleen were collected at 5 dpi after HDAC6+/+ and HDAC6�/� mice were
intravenously infected with VSV-Indiana (2 × 108 pfu/mouse; n = 9 per group; Mann–Whitney test).

D The viral load in the serum was assessed by standard plaque assay. HDAC6+/+ and HDAC6�/� mice were intravenously infected with VSV-GFP. Serum was collected at
the indicated time points and analyzed (4 × 108 pfu/mouse; n = 3 per group; Student’s t-test).

E ELISA of IFN-b (left) and IL-6 (right) in the serum of mice described in (D) (Student’s t-test).
F ELISA of serum IFN-b (left) and IL-6 (right) after poly(I:C) injection. HDAC6+/+ and HDAC6�/� mice were intravenously injected with poly(I:C). Serum was collected at

the indicated time points and analyzed (200 lg/mouse; n = 3 per group; Student’s t-test).

Data information: Error bars, mean � SEM. *P < 0.05, **P < 0.01.
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(Appendix Fig S3D). Such as the primary immune cell, the mRNA

levels of IFN-b, IFN-a, or antiviral-related genes were assessed in

HDAC6 knockdown RAW264.7 cells with 50ppp-dsRNA
(Appendix Fig S5) or in HDAC6�/� MEFs with PR8-GFP infection or

poly(I:C) transfection (Appendix Fig S6). As shown in figures,

HDAC6 knockdown RAW264.7 cells or HDAC6�/� MEFs showed

lower levels of gene expression than control Raw 264.7 cells or

wild-type cells. Taken together, these results strongly suggested that

HDAC6 also plays a role in the antiviral response in immune cell

lines and fibroblasts.

The catalytic activity of HDAC6 is required for the activation of
RIG-I signaling

HDAC6 is a well-known cytoplasmic deacetylase. RAW264.7 cells

stably expressing HDAC6 or a catalytically inactive HDAC6 mutant

A B C

E F

G

D

Figure 2. HDAC6 positively regulates the innate antiviral response in bone marrow-derived macrophages and peripheral blood mononuclear cells.

A, B Virus replication at 12 and 24 hpi, in HDAC6+/+ and HDAC6�/� BMDMs in response to VSV-GFP (MOI = 10) infection (A) and PR8-GFP (MOI = 5) infection (B).
C Virus replication in HDAC6+/+ and HDAC6�/� BMDMs in response to HSV-GFP (MOI = 2) infection.
D Virus replication in HDAC6+/+ and HDAC6�/� PBMCs in response to VSV-GFP (MOI = 10) infection.
E ELISA of IFN-b (upper), IL-6 (lower) levels in the supernatant of (A) and (B), and in HDAC6+/+ and HDAC6�/� BMDMs treated with poly(I:C) (20 lg/ml) or transfected

with 50ppp-dsRNA (1 lg/ml).
F Immunoblot analysis of the phosphorylated and inactive forms of IRF3, IKBa, TBK1, RIG-I, MAVS, HDAC6, and b-actin at the indicated times (0, 2, 4, 8, and 16 h) in

HDAC6+/+ and HDAC6�/� BMDMs. BMDMs were stimulated with PR8-GFP (MOI = 3).
G Induction of mRNA for type I IFN, IL-6, and other IFN-related antiviral genes in HDAC6+/+ and HDAC6�/� BMDMs in response to a RIG-I agonist stimulation at 6 h.

HDAC6+/+ and HDAC6�/� BMDMs were stimulated with 50ppp-dsRNA (0.5 lg/ml) for 6 h.

Data information: Data are representative of at least two independent experiments. Error bars, mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).

Source data are available online for this figure.
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(CD mutant; CDM) were used (Appendix Fig S7) to confirm whether

the catalytic activity of HDAC6 is required for the antiviral signaling.

HDAC6 or HDAC6-CDM stable cells were infected with VSV-GFP

and PR8-GFP. We found that virus replication was significantly

inhibited in HDAC6-overexpressing RAW264.7 cells; however, virus

replication in HDAC6-CDM-overexpressing RAW264.7 cells was

similar to that in control cells (Fig 4A and B). Furthermore, PR8-

GFP infection was performed after transient reconstitution of

HDAC6 and HDAC6-CDM in HDAC6�/� MEFs. Similarly, we found

that virus replication was significantly inhibited in HDAC6-

overexpressing HDAC6�/� MEFs (Fig EV1). Consistent with this,

IFN-b and IL-6 production was significantly higher in HDAC6-

overexpressing cells infected with virus or treated with poly(I:C)

and 50ppp-dsRNA than in HDAC6-CDM-overexpressing cells or

untreated control cells (Fig 4C), indicating that the catalytic activity

of HDAC6 is critical for the antiviral response of HDAC6. Addition-

ally, to confirm the functionality of the catalytic activity of HDAC6,

an IFN-b luciferase reporter assay was performed in cells expressing

HDAC6 or HDAC6-CDM. HDAC6 significantly enhanced the IFN-b
luciferase activity in a dose-dependent manner in response to

PR8-GFP infection or treatment with poly(I:C). By contrast, HDAC6-

CDM did not enhance PR8-GFP or poly(I:C)-mediated IFN-b luci-

ferase activity (Fig 4D and E). Similar to the virus replication

results, these findings indicated that the catalytic activity of HDAC6

is important for the induction of type I IFN signaling.

We next attempted to determine which signaling molecule in the

RLR signaling pathway is targeted by HDAC6. Ligand-independent

IFN-b induction by RIG-I, MDA5, MAVS, and 2CARD of RIG-I

expression was not increased by co-transfection of HDAC6 or

HDAC6-CDM in a dose-dependent manner (Fig 4F and G and

A C

F

B

D

E

Figure 3. HDAC6 deficiency reduces the innate immune response on mouse macrophage and mouse embryonic fibroblast.

A, B Fluorescence microscopy at 24 hpi showing green fluorescence absorbance at 12 and 24 hpi, and virus replication at 12 and 24 hpi, in control and HDAC6
knockdown RAW264.7 cells in response to VSV-GFP (MOI = 1) infection (A) and PR8-GFP (MOI = 1) infection (B). Scale bar, 100 lm

C ELISA of IFN-b (upper), IL-6 (lower) levels in the supernatant of cells from (A) and (B), and in control and HDAC6 knockdown RAW264.7 cells treated with poly(I:C)
(20 lg/ml) or transfected with 50ppp-dsRNA (1 lg/ml).

D, E Fluorescence microscopy at 24 hpi showing green fluorescence absorbance at 12 and 24 hpi, and virus replication at 12 and 24 hpi, in HDAC6+/+ and HDAC6�/�

MEFs in response to VSV-GFP (MOI = 1) infection (D) and PR8-GFP (MOI = 1) infection (E). Scale bar, 50 lm.
F ELISA of IFN-b (upper), IL-6 (lower) levels in the supernatant of cells from (D) and (E), and in HDAC6+/+ and HDAC6�/� MEFs transfected with poly(I:C) (1 lg/ml).

Data information: Data are representative of at least two independent experiments. Error bars, mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).
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Appendix Fig S8). These results suggested that although HDAC6

functions as a positive regulator of the RLR signaling pathway

during viral infections, a different mechanism must be involved in

RIG-I signaling or that upstream of RIG-I, rather than the down-

stream signaling of the RLR pathway, which is mediated by RIG-I

and MAVS interactions.

HDAC6 interacts with and deacetylates RIG-I in response to RNA
virus infection

Several lines of evidence indicate that the cytoplasmic deacetylase,

HDAC6, plays a role as a positive regulator of the RLR signaling

pathway against RNA virus infection, but is not required against

DNA virus infection. In addition, HDAC6 affects RIG-I signaling or

signaling upstream of RIG-I. Since RIG-I is listed as an acetylated

protein in the acetylome database (Choudhary et al, 2009), we

explored the possibility that HDAC6 binds and deacetylates RIG-I

upon viral infection. To determine whether HDAC6 interacts with

RIG-I, we performed co-immunoprecipitation assays with poly(I:C)-

transfected 293T cell lysates using an anti-HDAC6 antibody. As

shown in Fig 5A (lane 1), HDAC6 did not interact with RIG-I in the

absence of poly(I:C). After 4 h of poly(I:C) transfection, HDAC6

interacted with RIG-I (Fig 5A, lane 2); this interaction was no longer

detected after 8 h of transfection (Fig 5A, lane 3). This result

A C

D E

F G

B

Figure 4. Deacetylase activity is responsible for the antiviral effect of HDAC6.

A, B Fluorescence microscopy at 24 hpi showing green fluorescence absorbance at 12 and 24 hpi, and virus replication at 12 and 24 hpi, in vector-, HDAC6-, or HDAC6-
CDM-overexpressing stable RAW264.7 cells in response to VSV-GFP (MOI = 1) infection (A) and PR8-GFP (MOI = 1) infection (B). Scale bar, 100 lm.

C ELISA of IFN-b (upper) and IL-6 (lower) levels in the supernatant of cells from (A) and (B), and in vector, HDAC6, or HDAC6-CDM-overexpressing stable RAW264.7
cells treated with poly(I:C) (20 lg/ml) or transfected with 50ppp-dsRNA (1 lg/ml).

D, E Luciferase assay in 293T cells transfected with an IFN-b luciferase promoter and TK-Renilla together with HDAC6 or HDAC6-CDM (100, 200, 400, or 800 ng),
followed by PR8-GFP (MOI = 2) infection (D) or by poly(I:C) (E) (1 lg/ml) transfection for another 12 h.

F, G Luciferase assay in 293T cells transfected with RIG-I (F), MDA5 (G), an IFN-b luciferase promoter, and TK-Renilla together with HDAC6 or HDAC6-CDM (100, 200,
400, or 800 ng). 24 h later, IFN-b activity was measured by luciferase reporter assay.

Data information: Data are representative of three independent experiments. Error bars, mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).
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suggested that the interaction between HDAC6 and RIG-I is

transiently induced by poly(I:C).

To further confirm the transient interaction between HDAC6

and RIG-I in response to intracellular double-stranded RNA,

BMDMs from HDAC6+/+ and HDAC6�/� mice were transfected

with 50ppp-dsRNA, a specific ligand for RIG-I, and analyzed by

co-immunoprecipitation with an anti-RIG-I antibody. After 8 h of

transfection with 50ppp-dsRNA in BMDMs, HDAC6 was co-

immunoprecipitated with RIG-I (Fig 5B, lane 3). This result

indicates that the transient interaction between HDAC6 and RIG-I in

BMDMs is triggered by the intracellular presence of 50ppp-dsRNA.
And also, we confirmed the co-localization of HDAC6 and RIG-I in

A B

C D

E
F

G

Figure 5. HDAC6 interacts with and deacetylates RIG-I in response to RNA viral infection.

A 293T cells were transfected with poly(I:C) and cell lysates were prepared at the indicated times for co-immunoprecipitation analysis of endogenous HDAC6 and RIG-I.
Actin was used as the loading control.

B BMDMs were isolated from HDAC6+/+ and HDAC6�/� mice and were transfected with 50ppp-dsRNA. Whole cell lysates were prepared after 8 h of transfection and co-
immunoprecipitation analysis of RIG-I and HDAC6 was performed.

C HeLa cells were transfected with 50ppp-dsRNA. Cells were stained with anti-RIG-I (red) and anti-HDAC6 H300 (green) antibodies after 8 h of transfection. Nuclei were
stained with DAPI (blue) (scale bar, 20 lm). Arrows indicate colocalization of RIG-I and HDAC6.

D Fluorescence microscopy, green fluorescence absorbance and virus replication at 24 hpi in RIG-I+/+ and RIG-I�/� MEFs. Cells were transfected with si-HDAC6 and
si-control for 36 h, followed by infection with VSV-GFP (MOI = 1). Scale bar, 100 lm.

E HDAC6+/+, HDAC6�/� MEFs, and HDAC6�/� MEFs reconstituted with HDAC6 wild-type were subjected to immunoprecipitation using an anti-RIG-I antibody and
immunoblotted with anti-acetyl-lysine and anti-RIG-I antibodies. Acetyl-tubulin was measured in total lysates to determine HDAC6 deacetylase activity.

F Whole cell lysates from HDAC6+/+ and HDAC6�/� MEFs were prepared and used in dsRNA pull-down assays. Pull-down samples were analyzed by Western blotting
with anti-RIG-I, anti-HDAC6, and anti-b-actin antibodies. Intensity of the pulled-down RIG-I was quantified.

G Whole cell lysates from HDAC6�/� MEFs and HDAC6�/� MEFs reconstituted with HDAC6 wild-type and HDAC6-CDM were prepared and used in dsRNA pull-down
assays. Samples were analyzed by Western blotting with anti-RIG-I and anti-HDAC6 antibodies. Intensity of the pulled-down RIG-I was quantified.

Data information: Data are representative of three independent experiments. Error bars, mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t-test).

Source data are available online for this figure.
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response to 50ppp-dsRNA transfection by immunostaining

experiments at 8 h after transfection (Fig 5C). Taken together,

these results indicate that HDAC6 interacts with RIG-I upon RNA

virus infection.

Additionally, to investigate the critical correlation between

HDAC6 and RIG-I, knockdown of HDAC6 in RIG-I+/+ or RIG-I�/�

MEFs was performed using HDAC6-siRNA (Appendix Fig S9) and

infected with VSV-GFP. As shown in Fig 5D, we found that knock-

down of HDAC6 affects for the significant increase of viral replica-

tion in RIG-I+/+ MEFs (about 70-fold) while RIG-I�/� MEFs show

less changes (about 3-fold). Our results suggest that antiviral roles

of HDAC6 are mainly associated with RIG-I even though it has still

RIG-I-independent functions.

Since our results indicate that HDAC6 and RIG-I transiently inter-

act in response to viral infection (Fig 5A and B) and that the

deacetylase activity of HDAC6 is required for inducing innate

immune responses against RNA virus infection (Fig 4), we investi-

gated whether RIG-I is acetylated upon RNA viral infection and

whether HDAC6 could deacetylate RIG-I. As shown in Fig 5E, RIG-I

was acetylated in HDAC6�/� MEFs and reconstituted HDAC6

successfully deacetylated RIG-I in HDAC6�/� MEFs, indicating that

HDAC6 is a deacetylase for RIG-I.

Next, to investigate the functional consequences of HDAC6-

dependent RIG-I deacetylation, we assessed the effect of hyper-

acetylated RIG-I on 50ppp-dsRNA binding in HDAC6�/� MEFs. We

used 50ppp-dsRNA beads to pull down RIG-I from whole cell lysates

of HDAC6+/+ and HDAC6�/� MEFs. As shown in Fig 5F, the inter-

action between RIG-I and 50ppp-dsRNA was significantly reduced in

HDAC6�/� MEFs. Reconstitution of wild-type HDAC6 in HDAC6�/�

MEFs restored the binding of RIG-I to 50ppp-dsRNA, whereas a

catalytically inactive HDAC6 did not (Fig 5G). These results

suggested that HDAC6 regulates the binding of RIG-I to 50ppp-
dsRNA by deacetylating RIG-I.

Acetylation of the K909 residue of RIG-I modulates antiviral
innate immune responses

Acetylation of two conserved lysine residue (K858 and K909) in the

C-terminal domain (CTD) of RIG-I (Appendix Fig S10) was found by

mass spectrometry (Choudhary et al, 2009). Interestingly, CTD

together with helicase domain of RIG-I are critical for 50ppp-dsRNA
binding. We therefore determined whether K858 and K909 acetyla-

tion affects the binding of RIG-I with 50ppp-dsRNA. We assessed the

binding ability of acetylation-mimicking (K858Q and/or K909Q) RIG-I

mutants. As shown in Fig 6A, 2KQ (K858Q/K909Q) double-mutant

and K909Q single-mutant RIG-I showed complete abolishment of

50ppp-dsRNA binding, whereas the K858Q single-mutant retained

50ppp-dsRNA binding ability weakly. By contrast, a K909 acetylation-

resistant RIG-I mutant (K909R) did not affect the binding to 50ppp-
dsRNA (Fig 6B). These results suggested that K909 acetylation of

RIG-I regulates the binding of RIG-I to 50ppp-dsRNA. As the support-

ing result, we have validated acetylation sites in HEK293T cells

expressing wild-type, RIG-I K858R, RIG-I K909R or RIG-I 2KR mutant.

After immunoprecipitation and blotting with anti-acetyl-lysine anti-

body, we found that RIG-I K858R mutant shows similar acetylation

level with wild-type RIG-I. In contrast, RIG-I K909R and 2KR mutant

showed greater reduction of RIG-I acetylation, suggesting K909 site

could be a major acetylation site of RIG-I (Appendix Fig S11).

We next investigated whether acetylation-mimic (K909Q) or

acetylation-resistant (K909R) mutant RIG-I had an impact on RIG-I-

dependent antiviral innate immune responses by measuring IFN-b
promoter activation. As shown in Fig 6C, overexpressed RIG-I

wild-type and acetylation-resistant mutant (K909R) enhanced activ-

ities of the IFN-b promoter by poly(I:C) stimulation. However, the

acetylation-mimic mutant RIG-I did not. In addition, we assessed

the viral replication of VSV-GFP after reconstitution of wild-type

RIG-I, K909Q, or K909R into RIG-I�/� MEFs. As shown in Fig 6D,

wild-type and acetylation-resistant (K909R) RIG-I, which can bind

50ppp-dsRNA, significantly inhibited the replication of VSV-GFP,

whereas the acetylation-mimic K909Q, which cannot bind 50ppp-
dsRNA, did not inhibit viral replication. These results indicated that

deacetylation of the K909 residue of RIG-I is required for the recog-

nition of 50ppp-dsRNA and consequent activation of antiviral innate

immune responses against RNA virus infection. To consolidate the

hypothesis that HDAC6 deacetylates RIG-I on K909 residue, which

activates CTD of RIG-I to bind 50ppp-dsRNA, we performed 50ppp-
dsRNA pull-down assay in HDAC6+/+ or HDAC6�/� MEFs express-

ing wild-type or acetylation-resistant RIG-I mutant (K909R). As

expected, wild-type and RIG-I K909R mutant were pulled down by

50ppp-dsRNA when they are expressed in HDAC6+/+ MEFs (Fig 6E,

left panel). In striking contrast, when they are expressed in

HDAC6�/� MEFs, only acetylation-resistant mutant RIG-I K909R

partially restores the binding with 50ppp-dsRNA (Fig 6E, right

panel). These results indicate that the deacetylation of RIG-I on the

lysine 909 residue by HDAC6 stimulates RIG-I to recognize 50ppp-
dsRNA.

We also addressed the effect of HDAC6 on RIG-I-mediated antivi-

ral signaling by transient transfection of RIG-I wild-type and its

mutants into HDAC6+/+ or HDAC6�/� MEFs. Consistent with Fig 6E,

HDAC6�/� MEFs transfected with RIG-I K909R mutant showed strik-

ing antiviral effect against VSV-GFP, whereas HDAC6�/� MEFs trans-

fected with other constructs did not (Fig EV2). Taken together, these

results demonstrated that deacetylation of RIG-I through HDAC6 is

essential process in RIG-I-mediated antiviral signaling.

To further examine acetylation and deacetylation events on RIG-I

K909 mediated by HDAC6 in response to RNA virus infection, we

generated the acetyl-RIG-I (K909)-specific antibody. To verify its

specificity, FLAG-tagged constructs of wild-type, K909R, and K909Q

RIG-I were transfected into 293T cells. Lysates were immunoprecipi-

tated with an anti-FLAG antibody and detected with the anti-acetyl-

RIG-I (K909) antibody. As shown in Fig EV3, anti-acetyl-RIG-I

(K909) did not detect the K909R mutant, confirming its specificity.

To verify that HDAC6 is a specific deacetylase for RIG-I on K909,

FLAG-tagged RIG-I and V5-tagged HDAC6 were co-transfected into

293T cells, immunoprecipitated with an anti-FLAG antibody, and

detected with the anti-acetyl-RIG-I (acetylated on K909) antibody.

As shown in Fig 6F, HDAC6 deacetylated RIG-I on K909 in a site-

dependent manner, indicating that HDAC6 is a specific deacetylase

for RIG-I on K909.

Next, to investigate RIG-I acetylation in response to viral infec-

tion, we observed acetyl-RIG-I on K909 in HEK293T and RAW264.7

after VSV infection. First, after transfection with FLAG-tagged RIG-I

into 293T cells, VSV-GFP was infected and immunoprecipitated with

anti-Flag antibody and then detected with the acetyl-RIG-I antibody

on K909 site. Second, endogenous RIG-I was immunoprecipitated

with anti-RIG-I antibody after VSV-GFP infection and detected with
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the acetyl-RIG-I antibody on K909 site. As shown in Fig 6G and H,

the acetylation of RIG-I on K909 site is decreased at 2 h after infec-

tion in HEK293T and RAW264.7 cells. Collectively, these results

strongly suggest that acetylation on RIG-I K909 site is regulated by

HDAC6 in response to RNA viral infection.

The structural modeling of acetylation of the K909 residue for
RIG-I/dsRNA complex

Finally, to gain deeper insight of the acetylation of the K909 residue of

RIG-I, 3D modeling program (Discovery Studio 4.0) was used to

A B

C

D

E

F

G H

Figure 6. HDAC6-dependent RIG-I deacetylation regulates RIG-I binding to double-stranded RNA.

A, B 293T cells were transfected with the indicated expression plasmids. At 1 day post-transfection, whole cell lysates were subjected to dsRNA pull-down assays. Pull-
down samples were analyzed by Western blotting with an anti-FLAG antibody.

C A luciferase assay was performed using 293T cells transfected with the IFN-b luciferase promoter and TK-Renilla together with 2 ng of RIG-I wild-type, RIG-I 858Q,
RIG-I 858R, RIG-I K909Q, or RIG-I K909R mutant, followed by transfection with poly(I:C) (1 lg/ml) for another 12 h.

D Fluorescence microscopy, green fluorescence absorbance, and virus replication at 24 hpi in RIG-I�/� MEFs. Cells were transiently transfected with empty vector,
RIG-I wild-type, RIG-I K909Q, or RIG-I K909R mutant for 24 h, followed by infection with VSV-GFP (MOI = 1). Scale bar, 100 lm.

E HDAC6�/� MEFs were transfected with the indicated expression plasmids. At 1 day post-transfection, whole cell lysates were prepared and used in dsRNA pull-
down assays. Pull-down samples were analyzed by Western blotting with anti-RIG-I and anti-b-actin antibodies.

F 293T cells were transfected with 2 lg of FLAG-tagged RIG-I and 1, 5, or 10 lg of V5-tagged HDAC6. At 36 h post-transfection, whole cell lysates were prepared for
co-immunoprecipitation analysis of V5-tagged HDAC6 and acetylated K909 (on RIG-I wild-type). Samples were analyzed by Western blotting with a K909
acetylation-specific antibody.

G 293T cells were transfected with 2 lg of FLAG-tagged RIG-I. At 24 h post-transfection, cells were infected with VSV-GFP (MOI = 0.1). At 0, 2, 4 and 6 h post-
infection, whole cell lysates were prepared for immunoprecipitation analysis of acetylated K909 (on RIG-I wild-type). Samples were analyzed by Western blotting
with a K909 acetylation-specific antibody and intensity of ac-909K normalized to Flag-RIG-I was quantified.

H RAW264.7 cells were infected with VSV-GFP (MOI = 1) for the indicated time and whole cell lysates were prepared for immunoprecipitation analysis of acetylated
K909 (on RIG-I wild-type). Samples were analyzed by Western blotting with a K909 acetylation-specific antibody and intensity of ac-909K normalized to RIG-I was
quantified.

Data information: Data are representative of three independent experiments. Error bars, mean � SD. *P < 0.05, **P < 0.01 (Student’s t-test).

Source data are available online for this figure.
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predict 3D structural changes, which induced by the acetylation of

K909. According to the previously published structural data of the RIG-I

CTD domain bound to 50ppp-dsRNA (Wang et al, 2010; Luo et al,

2011), the K907 residue forms a hydrogen bond with the phosphate of

50ppp-dsRNA, whereas the K909 residue does not directly interact

with 50ppp-dsRNA (Fig 7A–C). When K909 acetylation is introduced

into this 3D structure model, a new hydrogen bond is formed between

acetylated K909 and K907, thereby breaking the hydrogen bond

between K907 and the phosphate of 50ppp-dsRNA (Fig 7B and C).

However, deacetylation of K909 by HDAC6 may break the hydrogen

bond between K907 and K909 residues, preventing K907 from binding

to 50ppp-dsRNA. This 3D modeling analysis provides the first struc-

tural insight into the changes in RIG-I induced by K909 deacetylation.

Discussion

Viral invasion triggers innate immune responses that lead to the

activation of IFNs, cytokines, and chemokines to protect the host

from viral infection. The ability of the host cells to effectively recog-

nize and detect the viral dsRNA is the most important lines of innate

immune defense against virus infection (Kawai & Akira, 2006;

Pichlmair & Reis e Sousa, 2007; Kumar et al, 2011). Among the dif-

ferent sensing molecules, RIG-I is an important pathogen sensor for

a variety of RNA viruses in the cytosol. During the antiviral signal-

ing cascade, RIG-I and its regulatory molecules undergo various

posttranslational modifications, including ubiquitination, SUMOyla-

tion, and phosphorylation (Gack et al, 2007, 2010; Mi et al, 2010;

Oshiumi et al, 2013; Wies et al, 2013), leading to activation of the

transcriptional factors, IRF3 and IRF7, as well as NF-jB, which

induce the production of type I IFNs and proinflammatory cytokines

(Akira et al, 2006; Kawai & Akira, 2006; Pichlmair & Reis e Sousa,

2007). The regulatory mechanisms involved in RIG-I signaling,

including various posttranslational modifications that control RIG-I-

mediated antiviral activity, have been well studied (Gack et al,

2010; Mi et al, 2010; Oshiumi et al, 2013; Wies et al, 2013).

However, the roles of acetylation and deacetylation of RIG-I on

innate immune responses have not been investigated to date.

A B

C

Figure 7. Acetylation of K909 interacts with K907, but K907 does not interact with viral RNA.

A The structural modeling result of RIG-I/dsRNA complex and positions of the lysine residue were presented. RIG-I helicase A and B are shown as green and pale blue
ribbons. The dsRNA strands were presented as purple and yellow rods, respectively. Two lysine residues, K907 and K909, on RIG-I that interact with dsRNA are
indicated as violet sticks. K907 forms hydrogen bonding with neither 50ppp-dsRNA nor K907.

B, C Acetylated K909 and K907 on RIG-I are indicated as green sticks. There was hydrogen bonding between NH2 of K907 and oxygen of acetyl-K909.
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Especially, the role of RIG-I acetylation in modulating its binding

activity or the recognition of viral RNAs remains to be elucidated.

Here, we provide several lines of evidence suggesting that

HDAC6 is an important regulator of RIG-I-mediated antiviral innate

immune responses. First, HDAC6�/� mice showed high morbidity

after lethal VSV infection due to high rates of viral replication and

weak antiviral responses. Second, knockdown or knockout of

endogenous HDAC6 in immune cells resulted in reduced RNA

virus-induced production of IFN-b and proinflammatory cytokines

and increased viral replication. Third, overexpression of HDAC6,

but not the catalytically inactive mutant, promoted RLR-mediated

inhibition of RNA virus replication. Fourth, HDAC6 interacts with

and deacetylates RIG-I in response to RNA virus infection or RLR

stimulation, and deacetylation of RIG-I by HDAC6 is essential for

binding or recognition of 50ppp-dsRNA. Finally, HDAC6-mediated

deacetylation of K909 in the CTD of RIG-I is critical for binding or

recognition of 50ppp-dsRNA or viral RNAs. Taken together, these

findings indicate that HDAC6 is a crucial regulator that induces the

binding of RIG-I to viral RNAs to activate RIG-I-mediated antiviral

innate immunity.

Recent in vitro and in vivo studies suggest that HDAC6 plays a

role in antiviral immune responses (Zhu et al, 2011; Chattopadhyay

et al, 2013; Husain & Cheung, 2014). Zhu et al reported that PKCa
induces HDAC6-mediated activation of b-catenin. Moreover,

Chattopadhyay et al showed that HDAC6�/� mice were highly

susceptible to Sendai virus infection. In these studies, it was

proposed that b-catenin is a substrate for HDAC6 important for

IRF3-mediated IFN gene transcription. However, whether other

mechanisms are involved in the HDAC6-mediated regulation of

antiviral signaling remains to be determined. To exclude the role of

HDAC6 in transcriptional regulation in nuclei, we showed the local-

ization of HDAC6 is mainly in cytoplasm after 50ppp-dsRNA trans-

fection instead of nuclear (Fig 5C) and HDAC6 does not affect the

level of histone H3 acetylation in HDAC6 KO BMDMs before or after

VSV infection (Appendix Fig S12). Additionally, we confirmed

b-catenin-dependent signaling partially involved in HDAC6-related

antiviral immune response in Figs 5D and EV4. These results

strongly suggest that HDAC6 mainly modulates cytoplasmic regula-

tory machinery to activate antiviral immune responses through

RIG-I and also regulates the antiviral immune responses through

b-catenin partially.

Our in vivo studies showed that HDAC6�/� mice had higher viral

loads and were more vulnerable to killing by VSV-Indiana than their

wild-type counterparts, suggesting that HDAC6 is critical for antivi-

ral immune defense. The sensitivity of HDAC6�/� mice to viral

killing is likely due to a defect in the production of antiviral mole-

cules such as IFNs and cytokines (Fig 1) (Levy, 2002). When VSV-

GFP or poly(I:C) were injected into HDAC6+/+ and HDAC6�/� mice,

IFN-b, and IL-6 levels in the serum of HDAC6�/� mice were signifi-

cantly reduced compared to those in HDAC6+/+ mice at early time

point (Fig 1E and F). Furthermore, IFN-b luciferase reporter assays

in cells expressing HDAC6 showed that HDAC6 significantly

enhanced IFN-b luciferase activity in response to PR8-GFP infection

or treatment of poly(I:C) in a dose-dependent manner, whereas

expression of RIG-I, 2CARD of RIG-I, MDA5, and MAVS had no

effect (Fig 4D–G and Appendix Fig S8). These results suggest that

HDAC6 plays a role in upstream of RIG-I or RIG-I molecule during

the initial stages of the response against virus infection.

In 2009, Choudhary et al found the acetylation of two

conserved lysine residues (K858 and K909) in the CTD of RIG-I.

The CTD of RIG-I and the helicase domain are recognition sites for

viral RNAs containing a 50-triphosphate (50ppp) short double-

stranded structure harboring blunt ends and specific sequence

motifs, such as poly-U/UC (Saito et al, 2007; Takahasi et al, 2008;

Kato et al, 2011). Therefore, it is plausible that acetylation and

deacetylation of the RIG-I CTD regulates its binding activity to

50ppp-dsRNA to control RIG-I-dependent antiviral innate immune

responses. Investigation of the mechanisms regulating the acetyla-

tion or deacetylation of the RIG-I CTD resulted in the identification

of HDAC6 as a unique cytoplasmic deacetylase with an important

role in this process. We showed that the catalytic activity of

HDAC6 is indispensable for innate immune responses against RNA

viral infection, strongly indicating the existence of HDAC6-specific

substrates (Fig 4). Further assessment of the relationship between

HDAC6 and RIG-I showed that HDAC6 transiently interacts with

RIG-I in response to viral RNA stimulation (Fig 5A–C). Transient

nature of the innate immune system molecules including enzymes

which can modify the substrates have been well documented in

several reviews (Yoneyama et al, 2008; Ma et al, 2013) and RIG-I-

dependent signaling has been reported as a transient signal (Papon

et al, 2009). Moreover, it was predicted that oligomerization of

RIG-I also could be a transient (Louber et al, 2014) and HDAC6

could mediate transient deacetylation of its substrate (Serrador

et al, 2004).

In Fig 5E, RIG-I was hyper-acetylated in HDAC6 knockout MEFs,

and ectopically expressed HDAC6 successfully deacetylated RIG-I,

suggesting that HDAC6 may be a specific deacetylase for RIG-I. We

also showed that deacetylation of RIG-I by HDAC6 is critical for its

ability to bind viral RNA (Fig 5F and G). Taken together, these find-

ings indicate that HDAC6 regulates innate immune responses

against RNA virus infection by deacetylating RIG-I, thereby enabling

binding to viral RNA.

To improve our mechanistic understanding, acetylation-mimic

K858Q and K909Q acetylation mutants of RIG-I was generated and

tested their ability to bind viral RNA. As a result, we identified K909

of RIG-I as a main regulatory acetylation site for viral RNA binding

(Fig 6A and B and Appendix Fig S11). Although, our results

(Fig 6C) and previous papers (Cui et al, 2008; Papon et al, 2009; Lu

et al, 2010; Wang et al, 2010) demonstrated that mutations of K858

inhibits 50ppp-dsRNA binding, it remains in vague whether K858

site of RIG-I is acetylated and what is the exact role of this residue

(Appendix Fig S11).

Viral RNA binding and the subsequent innate immune response

in RIG-I�/� MEFs were restored by the deacetylation-mimic mutant

of RIG-I (K909R), but not by the acetylation-mimic mutant (K909Q)

(Fig 6D). Ectopically expressed wild-type RIG-I did not bind 50ppp-
dsRNA in HDAC6�/� MEFs, whereas it did bind to 50ppp-dsRNA in

HDAC6+/+ MEFs (Fig 6E). Consistently, the acetylation-resistant

mutant (K909R) of RIG-I partially restored the 50ppp-dsRNA binding

ability in HDAC6�/� MEFs (Fig 6E). Although we could not comple-

tely exclude the possibility of additional acetylation site of RIG-I,

these results suggested that HDAC6 deacetylates the RIG-I K909

residue, which is a crucial step for the viral RNA recognition ability

of RIG-I. To further confirm RIG-I K909 acetylation, we generated an

anti-acetyl K909 RIG-I-specific antibody and showed that ectopically

expressed HDAC6 deacetylated K909 of RIG-I (Fig 6F). Taken
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together, our findings indicate that HDAC6 specifically deacetylates

K909 of RIG-I to activate viral RNA detection.

The crystal structure and NMR spectrum of the RIG-I CTD in the

free state was resolved previously, and a basic RNA binding pocket

within the CTD was found to be critical for 50ppp-dsRNA recognition

(Cui et al, 2008; Takahasi et al, 2008; Lu et al, 2010; Wang et al,

2010). Among the key residues of RIG-I necessary for binding to

50ppp-dsRNA, K907 specifically contributes a hydrogen bond to the

phosphate linking nucleosides 2 and 3 or 3 and 4 at the 50 end of the

bound dsRNA. Others have found that mutation of the K907 residue

completely abolished 50ppp-dsRNA-induced RIG-I activation, there-

fore, phosphate linking via the K907 residue may be critical for the

detection of the dsRNA structure (Lu et al, 2010; Wang et al, 2010).

Our 3D modeling prediction analysis showed that K907 residue

forms a hydrogen bond with the phosphate group of 50ppp-dsRNA,
whereas the K909 residue did not directly interact with 50ppp-
dsRNA (Fig 7). However, a new hydrogen bond is formed between

acetylated K909 and K907, thereby breaking the hydrogen bond

between K907 and the phosphate of 50ppp-dsRNA (Fig 7). Based on

our analysis, deacetylation of K909 by HDAC6 may break the hydro-

gen bond between the K907 and K909 residues, preventing K907

from binding to 50ppp-dsRNA. However, further studies are needed

to investigate the effect of RIG-I deacetylation on the crystal struc-

ture of the complex.

In our present study, the upstream signal molecule which can

activate HDAC6 before viral dsRNA recognition by RIG-I, is still

unclear. In the previous study, HDAC6 is known to be phosphory-

lated by protein kinase C-alpha (PKCa) so as to regulate the antiviral

immune responses upon virus infection (Zhu et al, 2011). PKCa is

one of classical calcium activated protein kinases (PKCs) which

have been reported to be important for Toll-like receptor (TLR)

signaling (Zhou et al, 2006; Johnson et al, 2007). And recently, it

has been reported that the linking virus entry and calcium-mediated

signaling (Collins et al, 2004; Bozym et al, 2010; Cureton et al,

2010; Scherbik & Brinton, 2010). Thus, it is possible that one of

PKCs or unknown molecule is activated via calcium-mediated

signaling during virus entry or intracellular trafficking, and can

induce the phosphorylation-mediated HDAC6 activation, which ulti-

mately mediates the deacetylation of RIG-I for viral RNA detection.

However, this plausible hypothesis still awaiting future studies.

In summary, we showed that HDAC6�/� mice are highly sensi-

tive to RNA virus infection and have a defect in innate immune

responses both in vitro and in vivo. Upon RNA virus infection,

HDAC6 transiently binds RIG-I and deacetylates K909, thereby acti-

vating the CTD of RIG-I, enabling it to bind and recognize viral

RNAs. These findings suggest a novel mechanism by which HDAC6-

dependent deacetylation positively regulates RIG-I, thereby facilitat-

ing viral RNA recognition by the CTD domain of RIG-I to induce

innate immune responses against RNA virus infection at the early

time point of infection.

Materials and Methods

Cell culture and transfection

MEF, HeLa, Vero, RAW264.7 and HEK293T cells were cultured

in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO)

supplemented with 10% fetal bovine serum (FBS; Hyclone), 1%

antibiotics/antimycotics (GIBCO) at 37°C with 5% CO2 concentra-

tion. U937 cells were cultured in RPMI supplemented with 10%

fetal bovine serum (FBS; Hyclone), 1% antibiotics/ antimycotics

(GIBCO). HEK293T cells were transiently transfected with

polyethylenimine (PEI; Polyscience Inc.). Lipofectamine LTX (Life

Technologies) and RNAi MAX (Invitrogen) were used for the

transfection of poly(I:C), poly(dA:dT), and 50-triphosphate double-

stranded RNA (#tlrl-3pnas, tlrl-patn, tlrl-3prna-100; Invivogen),

respectively. MEFs were transfected by NEON transfection system

(Life Technologies) according to the manufacturer’s instructions.

RAW264.7, MEF stable cell lines were generated and maintained

using a standard selection protocol with 2 lg/ml of puromycin

(GIBCO).

Mice and in vivo experiments

HDAC6�/� mice on a B6.SJL background were kindly given to us by

Dr. Yao T.P. (Duke University). All mice were bred in pathogen-free

conditions and genotyped using HelixAmp Direct PCR kit (Nano-

helix) before experiments. The conditions for PCR were as follows:

95°C for 5 min, 40 cycles of 95°C for 20 s, 58°C for 30 s, and 72°C

for 30 s, followed by 72°C for 5 min (refer to Appendix Table S1 for

primer sets).

Sex-matched (7–8 weeks old) mice were infected with VSV-

Indiana (2 × 108 PFU/mouse) or VSV-GFP (4 × 108 PFU/mouse), or

poly(I:C) (200 lg/mouse) via tail vein injection. After virus infec-

tion, mice were monitored daily. Organs and serum were collected

at indicated the time point under aseptic conditions to measure the

cytokine induction and virus titration. Collected organs were

homogenized using TissueLyser instrument (Qiagen) with PBS or

RNeasy RNA extraction kit (Qiagen).

Isolation of BMDM and PBMC

BMDMs were isolated from tibia and femur bones. Cells were

temporarily incubated with ACK lysing buffer (GIBCO) to lyse red

blood cells (RBCs), and cultured in 10-cm plates with 10% L929 cell

conditioned medium. At 4 days after isolation, cells were plated into

twelve-well plates and used in experiments on the following day.

PBMCs were isolated from whole peripheral blood using SepMate

(Stemcell) with Ficoll-Paque PREMIUM 1.703 (GE Healthcare)

according to the manufacturer’s protocol.

Pull-down assay

The RNA binding assay was carried out as previously described

(Oshiumi et al, 2013), with some modifications. To the RNA bind-

ing assay, 293T cells were transiently transfected with indicated

plasmid DNA using PEI and lysed the following day. The RNA

sequences are as follows: (sense strand) AAA CUG AAA GGG AGA

AGU GAA AGU G; and (antisense strand) CAC UUU CAC UUC

UCC CUU UCA GUU U. Biotin was conjugated at the 30-end of the

antisense strand. Biotin-labeled double-stranded RNA was phos-

phorylated by T4 polynucleotide kinase (TAKARA). 50ppp-dsRNA
was incubated for 1 h at room temperature with 14 lg of protein

from whole cell lysate. The mixture was added into 10 ll of strep-
tavidin (Cell Signaling), and then rocked at 4°C for 2 h. Beads
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were washed three times with 100 mM NETN buffer, and analyzed

by immunoblotting.

Ethics statement

All animal experiments were managed in strict accordance with the

Guide for the Care and Use of Laboratory Animals (National Research

Council, 2011) and performed in BSL-2 and BSL-3 laboratory facilities

with the approval of the Institutional Animal Care and Use Commit-

tee of Bioleaders Corporation (Reference number BLS-ABSL-14-010).

Statistical analysis

Determining statistical significance between groups was performed

by two-sided unpaired Student’s t-test and Mann–Whitney test. For

mouse survival study, log-rank test were used to assess statistical

significance. Error bars and P-values are indicated in the figure

legends. A P-value under 0.05 was considered statistically significant.

For more details on the Appendix Supplementary Materials and

Methods.

Expanded View for this article is available online.
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