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KAT8 selectively inhibits antiviral immunity by

acetylating IRF3

Wanwan Huai'®, Xingguang Liu?*, Chunmei Wang?, Yunkai Zhang?, Xi Chen!, Xiang Chen? Sheng Xu?, Tim Thomas*, Nan Li?®, and Xuetao Cao*>>*@®

The transcription factor interferon regulatory factor 3 (IRF3) is essential for virus infection-triggered induction of type I
interferons (IFN-I) and innate immune responses. IRF3 activity is tightly regulated by conventional posttranslational
modifications (PTMs) such as phosphorylation and ubiquitination. Here, we identify an unconventional PTM of IRF3 that
directly inhibits its transcriptional activity and attenuates antiviral immune response. We performed an RNA interference
screen and found that lysine acetyltransferase 8 (KAT8), which is ubiquitously expressed in immune cells (particularly in
macrophages), selectively inhibits RNA and DNA virus-triggered IFN-I production in macrophages and dendritic cells. KAT8
deficiency protects mice from viral challenge by enhancing IFN-I production. Mechanistically, KAT8 directly interacts with
IRF3 and mediates IRF3 acetylation at lysine 359 via its MYST domain. KAT8 inhibits IRF3 recruitment to IFN-I gene promoters
and decreases the transcriptional activity of IRF3. Our study reveals a critical role for KAT8 and IRF3 lysine acetylation in the

suppression of antiviral innate immunity.

Introduction
Optimal activation of innate immune response is crucial for
maintaining immune homeostasis and the elimination of in-
vading pathogens, which involves diverse signaling pathway
regulation and posttranslational modifications (PTMs; Deribe
et al., 2010). PTMs are integral components of gene expression
programs. To date, >200 different PTMs have been identified
that influence diverse aspects of signaling regulation (Hirsch
et al., 2017). PTMs also act as critical regulators of cellular sig-
nal transduction during innate immune responses (Deribe et al.,
2010; Liu et al., 2016). In addition to conventional PTMs such as
phosphorylation and ubiquitination, which have been exten-
sively elucidated in cellular signaling pathways, other uncon-
ventional PTMs such as acetylation and methylation are
increasingly being shown to control innate immune and in-
flammatory responses (Mowen and David, 2014; Cao, 2016; Li
et al., 2016; Chen et al., 2017). For example, the methyltrans-
ferase Dnmt3a up-regulates expression of histone deacetylase
HDACY, which maintains the deacetylation status of the key
pattern recognition receptor signaling molecule TBK1 and en-
hances its kinase activity (Li et al., 2016).

Lysine acetylation was first identified on histones >50 yr ago
and has long been associated with gene activation (Phillips, 1963;

Allfrey et al., 1964). Reversible lysine acetylation also occurs
on nonhistone proteins outside of chromatin. In mammals,
>8,000 acetyl-lysine sites are present on proteins that reside
primarily in nuclear, cytoplasmic, and mitochondrial subcellular
compartments (Choudhary et al., 2009; Schélz et al., 2015), and
many of these modification sites are conserved across different
species, implying functional significance (Weinert et al., 2011;
Beltrao et al., 2012). Protein acetylation has a variety of effects,
including regulating enzymatic activity, protein-protein inter-
actions, nucleic acid binding, protein stability, and subcellular
localization (Gu and Roeder, 1997; Ageta-Ishihara et al., 2013;
Choudhary et al., 2014; Wang et al., 2016).

The MYST family proteins (including KAT5, KAT6A, KAT6B,
KAT7, and KATS), characterized by a highly conserved lysine
acetyltransferase domain, are involved in a wide range of
physiological processes in mammals (Thomas et al., 2000; Merson
et al., 2006). KATS (also known as MOF or MYSTI) is a major
enzyme that catalyzes H4K16 acetylation in mammalian cells
(Dou et al., 2005). KAT8 has an N-terminal chromodomain
(reported to bind noncoding RNA) and a central MYST histone
acetyltransferase domain (Akhtar et al., 2000). KATS partic-
ipates in diverse biological processes, including embryonic
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development, DNA repair, autophagy, chromatin architecture,
cellular lifespan, and mitochondrial DNA transcription, and has
been implicated in cancer development and T cell differentia-
tion (Shogren-Knaak et al., 2006; Thomas et al., 2008; Dang
et al., 2009; Sharma et al., 2010; Fillgrabe et al., 2013; Gupta
et al., 2013; Chatterjee et al., 2016; Luo et al., 2016). Ablation of
KATS specifically in mouse T cells leads to defective cell dif-
ferentiation and reduces T cell numbers and thymus size
(Gupta et al., 2013). However, the role of KATS in innate im-
munity has not been reported.

The transcription factor IFN regulatory factor 3 (IRF3) is vital
for the induction of IFN-I production in antiviral immunity
(Sadler and Williams, 2008). The active state of IRF3 is tightly
regulated by PTMs such as phosphorylation and ubiquitination
(Taniguchi et al., 2001; Saitoh et al., 2006). Phosphorylation of
IRF3 promotes IRF3 activity, and the importance of five critical
serine or threonine residues of IRF3 (Ser396, Ser398, Ser402,
Thr404, and Ser405) for its activation has been demonstrated
(Lin et al., 1998, 1999). The prolyl isomerase Pinl, which is a
negative regulator of IRF3, can interact with IRF3 and promote
IRF3 degradation via polyubiquitination (Saitoh et al., 2006).
Recently, unconventional PTMs have also been shown to regu-
late IRF3 activity. K366 monomethylation of IRF3, mediated by
the methyltransferase NSD3, enhances the transcriptional ac-
tivity of IRF3 and promotes IFN-I production (Wang et al., 2017).
However, the role of acetylation in regulating IRF3 function
remains unclear.

Here, we performed an RNA interference screen to investi-
gate the potential roles of five MYST family members in in-
flammation and antiviral innate immunity. We identified KAT8
as a negative regulator in the production of IFN-I. Up to now,
several reports have elucidated nonhistone acetylation by KATS,
but a regulatory function for KAT8 in host defense against in-
fectious agents and the associated signal transduction pathways
have not been reported. In this study, we report a novel role for
KATS8 in down-regulating virus-induced IFN-I production by
acetylating the transcription factor IRF3 at lysine 359, inhibiting
the recruitment of IRF3 to IFN-I promoters, and decreasing its
transcriptional activity.

Results

KATS8 deficiency selectively promotes IFN-I production

To identify the potential role for MYST family proteins in an-
tiviral innate immunity, we performed a functional screen using
siRNA targeting five MYST members (KAT5, KAT6A, KAT6B,
KAT7, and KATS) to observe the effect on IFN-B production in
mouse peritoneal macrophages. Only knockdown of KAT8 was
found to significantly enhance IFN-B production triggered by
vesicular stomatitis virus (VSV; Fig. 1 A).

We next analyzed the expression pattern of KAT8 and found
it was universally expressed in different immune cells, including
CD4"* T cells, CD8* T cells, B cells, regulatory T cells, natural
killer cells (NK cells), dendritic cells (DCs), and macrophages
(Fig. 1, B and C). The expression of KAT8 showed limited
change after VSV infection, and KAT8 exclusively localized in
the nucleus of macrophages before or after viral infection (Fig. SI,
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A-C). Knockdown of KATS in macrophages also substantially
enhanced the expression of IFN-a and IFN-B (both mRNA and
protein), but not the proinflammatory cytokines TNF and IL-6,
induced by infection with the RNA viruses VSV or Sendai virus
(SeV) or the DNA virus HSV-1 (Fig. S1, D-F). However, stimu-
lation by the TLR4 ligand LPS or the TLR3 ligand polyinosinic-
polycytidylic acid (poly(I:C)) had no effect on the production of
IFN-I and proinflammatory cytokines (Fig. S1, E and F), indi-
cating that KAT8 was not involved in TLR4- and TLR3-triggered
innate responses.

We next used CRISPR-Cas9 technology to knock out KAT8
in RAW264.7 cells to generate KAT8-KO cell lines (Fig. S2 A).
Again, RNA and protein levels of IFN-a and IFN-f were sig-
nificantly higher in KAT8-KO RAW264.7 cells than in control
RAW?264.7 cells in response to VSV infection (Fig. S2, B and C).

Next, we employed KAT81/fILyz2-Cre* mice (Thomas et al.,
2008), which undergo deletion of loxP-flanked KATS alleles
(KAT811) specifically in myeloid cells (mainly in macrophages)
via Cre recombinase expressed from the myeloid cell-specific
gene Lyz2 (Lyz2-Cre; Fig. S2 D). KATS deficiency in KAT81/f1Lyz2-
Cre* mice did not affect the development and differentiation of
immune cells, including macrophages, NK cells, B cells, CD4*
T cells, and CD8* T cells (Fig. S2, E and F). We then analyzed
gene expression profiles in macrophages from KAT8-deficient
(KAT8Lyz2-Cre*) or KAT8-sufficient (KAT8YfLyz2-Cre~) mice
upon VSV infection. We found that IFN and many IFN-
stimulated genes (such as Ifi30, Ifrdl, and Ifitmé) were up-
regulated in KAT8-deficient macrophages. Additionally, some
non-IFN-stimulated genes (such as Ahr and Atg7) were also up-
regulated (Fig. 1 D). Consistently, we found that mRNA and
protein levels of IFN-a and IFN-B, but not proinflammatory
cytokines TNF and IL-6, induced by infections with VSV, SeV, or
HSV-1 were significantly higher in KAT8-deficient peritoneal
macrophages than those in KAT8-sufficient counterparts (Fig. 1,
E and F). However, the mRNA and protein levels of IFN-a, IFN-,
TNF, and IL-6 induced by LPS or poly(I:C) showed no difference
between KAT8-deficient macrophages and control macrophages
(Fig. 1, E and F). Furthermore, KATS deficiency in bone
marrow-derived DCs increased mRNA and protein levels of IFN-a
and IFN-B, but not TNF and IL-6, induced by VSV, SeV, or
HSV-1 infection (Fig. S3, A-C). These data demonstrate that
KATS8 selectively inhibits RNA and DNA virus infection-
triggered production of IFN-I in macrophages and DCs.

KATS8 deficiency protects mice against viral infection by
enhancing IFN-I production

To further elucidate the importance of KAT8 in antiviral im-
munity, we challenged KAT8YLyz2-Cre- and KAT81/lLyz2-Cre*
mice with VSV and found that the survival rate of KATS-
deficient mice was significantly higher than that of their
KATS8-sufficient littermates (Fig. 2 A). VSV titers and replication
in various organs were significantly lower in KAT8-deficient
mice than in their KAT8-sufficient counterparts (Fig. 2, B and
C). There was also less infiltration of inflammatory cells into
lungs of KAT8-deficient mice after VSV infection (Fig. 2 D).
KAT8-deficient mice also produced more IFN-a and IFN-f in
serum in response to VSV infection (Fig. 2 E). Thus, KAT8
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Figure 1. Deficiency in KAT8 selectively promotes the production of IFN-1. (A) Q-PCR analysis of IFN-B mRNA in peritoneal macrophages transfected with
control siRNA (siCtrl) or specific siRNA targeting KAT5 (siKAT5), KAT6A (siKAT6A), KAT6B (siKAT6B), KAT7 (siKAT7), or KAT8 (siKAT8) and then infected with
VSV (1 MOI) for 8 h. (B) Q-PCR analysis of KAT8 mRNA in mouse immune cells; results were normalized to B-actin mRNA. (C) Immunoblot analysis of KAT8 and
B-actin in mouse immune cells. (D) RNA sequencing analysis of KAT8VLyz2-Cre~ or KAT8VALyz2-Cre* peritoneal macrophages infected with VSV (1 MOI). (E)
Q-PCR analysis of IFN-B, IFN-a, TNF, and IL-6 mRNA in KAT8VALyz2-Cre~ or KAT8VfLyz2-Cre* peritoneal macrophages left untreated (Med), infected with VSV
(1 MOI), SeV (1 MOI), or HSV-1 (10 MOI) for 8 h, or stimulated with LPS (100 ng/ml) or poly(1:C) (10 pg/ml) for 3 h. (F) ELISA of IFN-B, IFN-a, TNF, and IL-6 in
supernatants of KAT8VALyz2-Cre= or KAT8VfLyz2-Cre* peritoneal macrophages infected with VSV (1 MOI), SeV (1 MOI), or HSV-1 (10 MOI) for 12 h or
stimulated with LPS (100 ng/ml) or poly(I:C) (10 pg/ml) for 6 h. **, P < 0.01; two-tailed Student’s t test (A, B, E, and F). Data are representative of three
independent experiments with similar results (C and D) or are from three independent experiments (A, B, E, and F; mean + SEM).
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Figure 2. Deficiency of KAT8 protects mice against viral infection. (A) Survival of KAT8VALyz2-Cre~ or KAT8VALyz2-Cre* mice (n = 10 per group) after
infection with VSV (5 x 107 plaque-forming units per gram body weight; Wilcoxon test). (B) VSV load in the liver, spleen, and lung of KAT8VfLyz2-Cre~ or
KAT8VALyz2-Cre* mice (n = 8 per group) 18 h after infection with VSV (as in A), assessed by endpoint-dilution assay and presented as 50% tissue culture
infectious dose (TCIDso). (C) Q-PCR analysis of VSV RNA in the liver, spleen, and lungs of KAT8VALyz2-Cre~ or KAT8VALyz2-Cre* mice 18 h after intraperitoneal
injection of PBS or VSV (as in A). (D) Hematoxylin and eosin staining of sections of lungs from mice as in B. Bars, 50 um. (E) ELISA of cytokines in serum from
mice as in C. **, P < 0.01; two-tailed Student’s t test (B, C, and E). Data are from three independent experiments (B, C, and E; mean + SEM) or are representative

of three independent experiments with similar results (D).

deficiency protects mice from virus challenge by selectively
promoting IFN-I production.

KAT8 does not affect conventional innate signaling, including

IRF3 phosphorylation, dimerization, and nuclear translocation

We next investigated the mechanism by which KAT8 suppressed
virus infection-triggered IFN-I production by analyzing
phosphorylation-induced activation of downstream signaling
pathway components. There was no detectable difference in
the phosphorylation of ERK, JNK, p38, and p65 between
KAT8ALyz2-Cre* and KAT8/Lyz2-Cre- peritoneal macro-
phages after VSV infection (Fig. 3 A). Phosphorylation of the
signaling molecule TBK1 and the transcription factor IRF3,
which induce IFN-I, also showed no marked difference between
KAT81ALyz2-Cre* and KAT8/fLyz2-Cre- peritoneal macro-
phages upon infection with VSV (Fig. 3 A). The dimerization
and nuclear translocation of IRF3 also showed no change
between KAT81/fLyz2-Cre* and KAT81/fLyz2-Cre- peritoneal
macrophages in response to VSV infection (Fig. 3, B and C). The
same effects were also showed through knockdown of KAT8 via
siRNA (Fig. S3, D-F). KAT8 overexpression did not influence
activation of NF-«B luciferase reporter induced by MyD88,
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TRAF6, RIG-I(N), mitochondrial antiviral-signaling protein
(MAVS), and stimulator ofinterferon genes (STING; Fig. 3 D).
KATS overexpression suppressed activation of IFN-f luciferase
reporter mediated by RIG-I(N), MAVS, TBK1, IRF3-5D, and
STING, but not TIR domain-containing adaptor-inducing
interferon-B (TRIF), in HEK293T cells (Fig. 3 D). Thus, KATS
deficiency does not affect viral infection-induced activation of
MAPK and NF-«B pathways. Since MAPK and NF-«B activation
contribute to the production of inflammatory cytokines such as
TNF and IL-6, these data further indicate that KAT8 deficiency
has no effect on the production of inflammatory cytokines in-
duced by TLR and virus.

KATS8 directly interacts with IRF3 via its MYST domain

Next, KAT8-interacting proteins were identified by immuno-
precipitation (IP) using anti-KATS antibody in mouse peritoneal
macrophages infected with VSV followed by mass spectrometry
(MS) analysis, which showed that IRF3 interacted with KATS
(Fig. 4 A). We also confirmed the interaction in HEK293T cells
transfected with V5-tagged KATS and Flag-tagged IRF3 (Fig. 4
B). Then, we sought to investigate whether KAT8 was able to
interact with IRF3 endogenously. The endogenous KAT8-IRF3
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Figure 3. KATS targets IRF3. (A) Immunoblot analysis of phosphorylated (p-) or total ERK, JNK, p38, p65, TBK1, IRF3, or B-actin in KAT8VfLyz2-Cre~ or
KAT8VALyz2-Cre* peritoneal macrophages infected for the indicated times with VSV. (B) Immunoblot analysis of IRF3 dimerization in KAT8VLyz2-Cre~ or
KAT8VALyz2-Cre* peritoneal macrophages infected for the indicated times with VSV. (C) Immunoblot analysis of IRF3 among nuclear proteins in KAT8VALyz2-
Cre™ or KAT8VALyz2-Cre* peritoneal macrophages infected for the indicated times with VSV. (D) Luciferase activity assay of an IFN-B reporter in HEK293T cells
transfected with KAT8 or Mock together with control vector, RIG-I(N), MAVS, TBK1, IRF3-5D, STING, or TRIF or luciferase activity assay of an NF-kB reporter in
HEK293T cells transfected with KAT8 or Mock together with control vector, MyD88, TRAF6, RIG-I(N), MAVS, or STING assessed by dual-luciferase assay. *, P <
0.05; **, P < 0.01; two-tailed Student’s t test (D). Data are representative of three independent experiments with similar results (A-C) or are from three

independent experiments (D; mean + SEM).

complex was detected in peritoneal macrophages even in the
absence of VSV infection; however, this interaction was en-
hanced after VSV infection (Fig. 4, C and D), consistent with the
MS results.

To map the regions of IRF3 responsible for the interaction
with KATS, we constructed two different hemagglutinin (HA)-
tagged IRF3 truncations: N-terminal region 1-140 aa and
C-terminal region 141-419 aa. The IRF3 truncation containing the
C-terminal region (141-419 aa) was able to interact with KATS,
whereas the IRF3 truncation containing the N-terminal DNA-
binding domain at 1-140 aa did not (Fig. 4 E). We further map-
ped the KAT8 domain required for the interaction with IRF3 and
constructed three different V5-tagged KAT8 truncations, re-
spectively lacking the chromodomain (A1-121 aa), C,HC zinc
fingers (A121-232 aa), and the enzymatic MYST domain
(A232-458 aa). Among the truncations, only the one lacking the
MYST domain was unable to interact with the IRF3 C-terminal
region (Fig. 4 F). Thus, the MYST domain of KAT8 was re-
sponsible for its interaction with the C-terminal region of
IRF3. These data demonstrate that KAT8 interacts with the
IRF3 C-terminal region through its MYST domain. Moreover,
in vitro glutathione S-transferase (GST) pull-down assays
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confirmed the direct interaction of KAT8 and IRF3 (Fig. 4 G).
Together, our findings demonstrate that KAT8 directly binds
IRF3 through its MYST domain, suggesting a potential function
of KATS in IRF3 acetylation.

KAT8 promotes IRF3 acetylation via its

acetyltransferase activity

We then analyzed the acetylation of IRF3 in HEK293T cells
transfected with V5-tagged KATS (WT) and the three different
V5-tagged KATS8 truncations. KAT8 enhanced IRF3 acetylation,
and this effect disappeared when the MYST domain of KAT8 was
deleted (Fig. 5 A). Next, we detected IRF3-mediated Ifnb acti-
vation upon transfection with the three truncations of KATS.
Transfection of MYST domain-deficient KAT8 lacking acetyl-
transferase activity was unable to decrease Ifnb activation
(Fig. 5 B).

We next performed rescue experiments using WT KATS8 or
KATS truncation to further elucidate KAT8-mediated regulation
of IFN-I production and acetylation of IRF3 in KAT8-KO
RAW?264.7 cells. Overexpression of KAT8 lacking MYST domain,
but not WT KATS or the other two KATS truncations, in KATS-
KO RAW?264.7 cells up-regulated IFN-B mRNA expression (Fig. 5

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181773

20z Iudy Gz uo 3senb Aq jpd'e/ /18102 Wal/L8589/ /2. LIv/91Z/Pd-8lonie/wal/Bio"sseidny walj/:dny wouy papeojumoq

776


https://doi.org/10.1084/jem.20181773

A B vs-katg +  + cC r KAT8 196 D P IRF3 lgé Figure 4. KAT8 interacts with IRF3 via the
Protéin IRF3  FEERFS g KD VSV 4 B i2 8 KD VsV o0 4 8 12 8 KD MYST domain. (A) MS analysis of KAT8-binding
Peptides |p;v5‘Flag-“‘° IRF3 E ;\N g 40|, KaTs po e g proteins in peritoneal macrophages infected
:; 1‘13 V5 P .l | ™ |RF3“§£ B, IP with VSV (1 MOI). #1 and #2 indicates two in-
Score Flag| W, e KATS) dependent experiments. (B) Immunoblot analy-
#1 28484  input ~40( L 09 sis of KAT8 or IRF3 in HEK293T cells transfected
#2 20043 V5-.55 KATS mo s s = P R e e g st 0Lt ith V5-tagged KAT8 alone or together with
B-actin' e e e - e B-actin S e o= - o=, Flag-tagged IRF3, assessed before (input) or af-
VeidiE % b 4 & ter IP with antibody to V5 or Flag. (C) Immuno-
HA—IRE%ET%?(()‘QQ) = E = F chromo MYST blot analysis of endogenous KAT8 or IRF3 in
HA-IRF3(141-419aa) — — — + kD KAT8 peritoneal macrophages infected with VSV for
vs e B L& 1602082" N 448458 the indicated times, assessed before (input) or
- -85 RATB(AA-12154) | | after IP with IgG (control) or antibody to KATS.
‘\F’“ (D) Immunoblot analysis of endogenous KAT8
IR:V9 KAT8(£121-23222)| b | or IRF3 in peritoneal macrophages infected for
A - % catsazizasssa] the indicated times with VSV, assessed before
(input) or after IP with IgG or antibody to IRF3.
15 e £ 4 g L (E) Immunoblot analysis of HEK293T cells tran-
v BN Es ey HA-IRZ3§]£A_}%1(3\?1§)) - T - - - L S siently transfected with HA-tagged WT or mu-
- 5  V5.KAT(AM-121a8) — - + — — - I+ - - tant IRF3 plus V5-tagged KAT8 and assessed
*‘*‘ Vet e~ — ¢ % 5 T2 I F 1. 24hlaterbefore (input) or after IP with antibody
input - to V5. (F) Immunoblot analysis of HEK293T cells
hA ' = 55 = 5 transiently transfected with V5-tagged WT or
- - s mutant KAT8 plus Flag-tagged IRF3 or HA-
-15 IP:Flag i Gl _— tagged mutant IRF3 (141-419 aa) and assessed
G RE3 + - — 4+ 4+ 25 S— 22 24 hllater before((i)nput) or aEtler IIE’ V\Sith ar;tibod):c
GSTetl — + — + - Fla Ha D S S to Flag or HA. (G) Immunoblot (IB) analysis o
GlutathifniT;Zﬁ,zi; : : X I . 9 !-..j“-w - es IRF3 and KATS interaction in a GST pull-down
- . ! -85 A assaé/. Data are‘representétri]ve ‘of-lthree in(lje-
: e pendent experiments with similar results.
- - input| 2 ‘f’?a ZSum ﬂ? - *, nonspecific bands; arrowheads, specific bands.
oul
IB:GST - .m HA “-35
-35 -40
o— —

C). Moreover, acetylation of IRF3 could not be detected in KATS-
KO RAW264.7 cells overexpressing KAT8 without MYST domain
(Fig. 5 D). K274 acetylation of KATS is vital for the acetyltrans-
ferase activity of KAT8 (Kadlec et al., 2011). We then detected the
acetylation of IRF3 in HEK293T cells transfected with V5-tagged
WT KAT8 and KAT8 K274A mutant. WT KAT8 enhanced IRF3
acetylation, while KAT8 K274A mutant did not have this effect
(Fig. 5 E). Furthermore, WT KATS, but not K274A mutant, in-
hibited IRF3-mediated IFN-B luciferase reporter activation
(Fig. 5 F). These data indicate that K274 is important for the
acetyltransferase function of KATS.

We also detected the acetylation status of IRF3 in RAW264.7
cells with stable overexpression of TAP-tagged IRF3 (TAP-IRF3
RAW264.7 cells) upon innate stimuli. The level of acetylation at
lysine was significantly enhanced by infection with VSV, with
no change upon stimulation with LPS or poly(:C) (Fig. S4, A-C).
The level of acetylation at lysine was also enhanced by VSV
infection in peritoneal macrophages (Fig. 5 G). Furthermore, the
IRF3 acetylation level was decreased in KAT8%/fLyz2-Cre* mac-
rophages compared with that in KAT81/ILyz2-Cre~ macrophages
(Fig. 5 H). Similarly, knockdown of KAT8 down-regulated lysine
acetylation of IRF3 in macrophages infected with VSV (Fig. S4
D). Additionally, the level of IRF3 acetylation was significantly
reduced in KAT8-KO RAW264.7 cells compared with that in
control RAW264.7 cells (Fig. S4 E). Moreover, the acetylation of
KATS was increased in macrophages infected with VSV (Fig. S4 F).
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Considering that KAT8 acetylation is vital for the acetyltrans-
ferase activity of KAT8 (Kadlec et al., 2011), these data imply
that the acetyltransferase activity of KAT8 may be enhanced
upon viral infection. Collectively, these data show that KAT8
can enhance acetylation of IRF3 induced by virus infection via
its acetyltransferase activity.

Identification of IRF3 acetylation at K359 mediated by KAT8 in
antiviral innate immunity

To further determine potential acetylated lysine residues of
IRF3, we performed MS analysis in both untreated and VSV-
infected TAP-IRF3 RAW264.7 cells. Four acetylated lysine resi-
dues, including K68, K70, K152, and K359, were identified (Fig. 6
A). K68 and K70 acetylation were present in untreated and VSV-
infected macrophages, whereas K152 and K359 acetylation were
only detected after VSV infection. In addition, a mass shift of 42
daltons was observed in VSV-infected macrophages for the IRF3
peptide LVMVKVVPTCLK, which is consistent with acetylation
at the K359 residue (Fig. 6 B). To further investigate whether the
acetylation of these sites on IRF3 could affect IRF3 transcrip-
tional activity, we constructed acetylation-defective IRF3 mu-
tants with each lysine residue substituted with either alanine
(K68A, K70A, K152A, and K359A) or arginine (K68R, K70R,
KI52R, and K359R). Acetylation-defective substitution at K359
(K359A or K359R) significantly increased IRF3-driven IFN-
luciferase reporter activation, but those mutants at K68, K70,
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Figure 5. KAT8 promotes IRF3 acetylation
via its MYST domain. (A) Immunoblot analysis
of acetylation in HEK293T cells transiently
transfected with V5-tagged WT or mutant KAT8
plus Flag-tagged IRF3 and assessed 24 h later
before (input) or after IP with antibody to Flag.
(B) Luciferase activity of an IFN-B reporter in
HEK293T cells transfected with WT KAT8 or
KAT8 truncations together with IRF3-5D. (C)
KAT8-KO RAW264.7 cells were transfected with
WT KAT8 or KAT8 truncations and then infected
24 h later with VSV (1 MOI) for 8 h. The ex-

" )
- V5 ”. i‘b\v v,{l, v‘lr/b% pression of IFN-B at the mRNA level was mea-
> g & «‘b\ ?6%\ sured by Q-PCR. (D) Immunoblot analysis of IRF3
- A g g8 acetylation and total IRF3 in KAT8-KO RAW264.7
IRF3-5D cells transiently transfected with V5-tagged WT
Flag s s ‘d 40 A &  or mutant KAT8 and then infected 24 h later
) ,\Ib{b\q‘;‘:}q”b bg;cb’b with VSV (1 MOI) for 8 h, assessed before (input)
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= IP:IRF3 - -40 to Flag. (F) Luciferase activity of an IFN-B re-
o 807 e IRF3 (R S S s=—— .0 porter in HEK293T cells transfected with WT
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and K152 had no such effect (Fig. 6 C). Next, IRF3 mutants (IRF3-
K152A and IRF3-K359A) were transfected along with KATS in
293T cells and assessed for their acetylation patterns. IRF3
acetylation level was markedly reduced upon transfection with
IRF3-K359A (Fig. S4 G), suggesting that Lys359 may be the major
acetylation site of IRF3 by KATS.

Phosphorylation is considered the major PTM responsible for
IRF3 activity (Sharma et al., 2003), which prompted us to ana-
lyze the interplay between acetylation and phosphorylation of
IRF3. Ser396 (corresponding to Ser388 in mouse IRF3) is the
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main target of several kinases, such as TBKI, and a critical de-
terminant of the activation status of IRF3 (Sharma et al., 2003).
We thus constructed an IRF3-S388A mutant plasmid and
transfected IRF3 and IRF3 mutants (IRF3-K359A or IRF3-S388A)
along with KAT8 in 293T cells and detected the IFN-f luciferase
reporter activity. In the presence of WT IRF3, KAT8 greatly
reduced Ifnb activation. This effect was weakened by coex-
pression of IRF3 S388A mutant (Fig. 6 D), suggesting that acet-
ylation of IRF3 may occur after its phosphorylation. This is in
agreement with an earlier report that phosphorylation of IRF3

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181773

20z Iudy Gz uo 3senb Aq jpd'e/ /18102 Wal/L8589/ /2. LIv/91Z/Pd-8lonie/wal/Bio"sseidny walj/:dny wouy papeojumoq

778


https://doi.org/10.1084/jem.20181773

>
w

2y(5)

K152
K359

ib(2)

| | [ |

1 114 185 378 419

Relative abundance

Figure 6. Acetylation of IRF3 at K359 in VSV-
infected macrophages. (A) Illustration of acet-
b, 22 ylated lysine residues of IRF3 identified by an MS

355|J_V-|_M-N|_K_LV_L\7|_F’-|__LC-|_|:|_K366 assay. (B) The tryptic peptide IRF3 (355-366

Yio Yo Ya Y1 Ys Vs LVMVKVVPTCLK), consistent with acetylation, is

+42Da characterized by a neutral addition of 42 D
(neutral addition of H,O or NH; omitted for
clarity). (C) Luciferase activity of an IFN-B re-
porter in HEK293T cells transfected with control
vector (Mock) or vectors encoding WT or mutant
IRF3. (D) Luciferase activity of an IFN-B reporter
in HEK293T cells transfected with control vector
=% or vector encoding WT or mutant IRF3 (IRF3-

K359A, and IRF3-S388A) along with vector en-

c = 301 — coding KAT8. (E) MEF cells from IRF3-deficient
o mice were transfected with WT or IRF3 mutants
=4 204 and then infected 24 h later with VSV (1 MOI) for
S
= 8 h. The mRNA level of IFN-B was measured by
2 Q-PCR, and the production of IFN-f was mea-
& 104 sured by ELISA. (F) Immunoblot analysis of IRF3
‘Z?' acetylated at Lys359 (K359Ac) and total IRF3 in
el peritoneal macrophages infected for the indi-
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was crucial for the acetylation of IRF3 by p300 (Lin et al., 1999).
Additionally, the inhibitory effect of KAT8 in IRF3-driven Ifnb
activation disappeared with the expression of the acetylation-
defective IRF3 mutant (IRF3-K359A; Fig. 6 D). This further
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indicates that KAT8 reduces IRF3-driven Ifnb activation via
acetylation of IRF3 at K359. Next, we performed rescue ex-
periments using IRF3- or IRF3 mutant-overexpressing plasmids
to further elucidate the importance of K359 acetylation of IRF3

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181773

20z Iudy Gz uo 3senb Aq jpd'e/ /18102 Wal/L8589/ /2. LIv/91Z/Pd-8lonie/wal/Bio"sseidny walj/:dny wouy papeojumoq

779


https://doi.org/10.1084/jem.20181773

in regulating IFN-I production. Overexpression of IRF3 K359A in
IRF3-deficient MEF cells significantly increased IFN-B produc-
tion upon VSV infection (Fig. 6 E). These findings suggest that
acetylation at the K359 site of IRF3 is most likely responsible for
regulating IFN-I production.

We next generated an antibody specifically directed against
IRF3 acetylated at K359. Dot-blot analysis indicated that this
antibody specifically recognized IRF3 peptide acetylated at K359,
but not IRF3 peptide acetylated at K68, K70, or K152 or a control
peptide (Fig. S4 H). The level of IRF3 acetylation at K359 was
significantly induced in TAP-IRF3 RAW264.7 cells by VSV in-
fection, but not by stimulation with LPS or poly(L:C) (Fig. S4,
I-K). We also used this antibody to analyze K359-acetylated IRF3
immunoprecipitated from whole-cell extracts of peritoneal
macrophages infected with VSV. We detected K359-acetylated
IRF3 in macrophages and found that the acetylation of IRF3 at
K359 was enhanced after infection with VSV, but not stimula-
tion with poly(I:C) (Fig. 6, F and G). Moreover, the acetylation of
IRF3 at K359 markedly decreased in KAT81/fILyz2-Cre* macro-
phages in response to infection with VSV (Fig. 6 H). Further-
more, VSV-induced K359 acetylation of IRF3 in macrophages
was dependent on RIG-I-activated signaling (Fig. 6 I). Similarly,
knockdown of KAT8 down-regulated the acetylation of IRF3 at
K359 in macrophages infected with VSV (Fig. S4 L). Further-
more, the acetylation of IRF3 at K359 was significantly lower in
KAT8-KO RAW264.7 cells than that in control cells in response
to VSV infection (Fig. S4 M). Together, these results indicate that
KATS enhances IRF3 acetylation at K359, and K359 acetylation of
IRF3 plays a pivotal role in the regulation of IFN-I production.

KAT8 impairs IRF3 recruitment to IFN promoters by
acetylating K359 of IRF3

KATS regulates gene transcription mostly through acetylation of
H4K16. We found lower levels of H4K16 acetylation in whole-cell
lysates from KAT81/flLyz2-Cre* macrophages compared with
those in KAT8%/1Lyz2-Cre- macrophages (Fig. 7 A). We obtained
similar results in KAT8-silenced macrophages (Fig. S5 A). Al-
though KAT8 deficiency could decrease H4K16 acetylation,
chromatin IP (ChIP) assays showed that there was no difference
in abundance of H4ac and H4Kl6ac at promoters of Ifnb and Ifna
genes between KATS8VfLyz2-Cre* and KAT8/Lyz2-Cre- mac-
rophages infected with VSV. However, the abundance of IRF3 at
promoters of Ifnb and Ifna4 genes was significantly enhanced
in KAT8%/fLyz2-Cre* macrophages compared with those in
KAT81/1yz2-Cre- macrophages with VSV infection (Fig. 7, B
and C). Similarly, knockdown of KAT8 promoted IRF3 recruit-
ment to promoters of Ifnb and Ifna4 genes but had no effect on
the abundance of H4ac and H4Kl6ac at Ifn gene promoters (Fig.
S5, B and C). To further confirm that K359 acetylation of IRF3
mediated by KAT8 is important for the recruitment of IRF3 to Ifn
gene promoters, we transfected WT IRF3 or IRF3 K359A plas-
mids into IRF3-deficient MEFs. ChIP assays showed that the a-
bundance of IRF3 K359A to promoters of Ifnb and Ifna genes
markedly increased compared with the abundance of WT IRF3
(Fig. 7 D). An electrophoretic mobility shift assay (EMSA) with
biotin-labeled interferon-sensitive response element (ISRE)
showed the more binding of IRF3 to ISRE in KAT81/fLyz2-Cre*
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macrophages as compared with that in KAT81/lLyz2-Cre~ mac-
rophages upon VSV infection (Fig. 7 E). Furthermore, an EMSA
assay using recombinant WT IRF3 or mutant IRF3 (K359A) fol-
lowing treatment with KAT8 showed that mutant IRF3 (K359A)
had more binding to the promoter of Ifna4 and Ifnb than WT IRF3
(Fig. 7 F). Collectively, these data indicate that KATS inhibits the
recruitment of IRF3 to promoters of IFN-I genes by acetylating
K359 of IRF3.

Discussion

PTMs of transcription factors such as IRF3 play crucial roles in
the tight control of IFN-I production and innate immunity ac-
tivation (Wang and Fish, 2012; Porritt and Hertzog, 2015; Huai
et al,, 2016). In this study, we identified KAT8 as a negative
regulator that decreases virus-induced IFN-I by directly en-
hancing transcription factor IRF3 acetylation at K359 and pre-
venting the recruitment of IRF3 to IFN-I promoters. Our findings
report the crucial role of KAT8 and a specific acetylation residue
of IRF3 in antiviral innate immunity.

IRF3 is a transcription factor and key inducer of IFN-I. IRF3
consists of an N-terminal DNA-binding domain and a C-terminal
IRF association domain. The IRF association domain mediates
phosphorylation-dependent homo-oligonucleotidemerization
and hetero-oligonucleotidemerization with other IRF mem-
bers and interacts with calmodulin-binding protein (CBP)/
p300 (Lin et al., 1999). Under basal conditions, IRF3 is se-
questered in the cytoplasm and is present as a monomer.
Phosphorylation is considered the major PTM responsible for
IRF3 activity. This phosphorylation induces IRF3 dimerization,
translocation to the nucleus, and association with the co-
activators CREB-binding protein p300, and the resultant com-
plex activates the target genes in the nucleus. Ser396 is the
target of the kinase such as TBK1 and a critical determinant for
the activation of IRF3 (Sharma et al., 2003). Recently, the role
of unconventional PTMs in the regulation of IRF3 activity is
attracting more attention. For example, IRF3 methylation at
K366 by NSD3 induced dissociation of IRF3 and protein phos-
phatase PPlcc, which maintains IRF3 phosphorylation and
consequently promotes the production of IFN-I (Wang et al.,
2017). SUMOylation of IRF3 represses IFN-I gene expression
(Kubota et al., 2008). Although it is likely that IRF3 is subjected
to a cascade of events responsible for regulating its biological
activity, to date, no detailed mechanism or specific lysine resi-
dues of IRF3 acetylation have been reported to modulate IRF3
activity. Here, we demonstrate that K359 is a critical residue of
IRF3, which is targeted by KAT8 for IRF3-mediated IFN-I pro-
duction. In particular, acetylation of IRF3 at K359 was induced by
viral infection, and such acetylation is essential for regulating
virus-triggered induction of IFN-I. K359 of IRF3 is highly con-
served among different kinds of mammals, suggesting the im-
portance of this residue for the function of IRF3 in various kinds
of mammals. In summary, IRF3 has different kinds of PTMs,
which are involved in the synergetic tight control of IRF3 acti-
vation and IFN-I production to keep the immune balance.

KATS is responsible for H4K16 acetylation and has been
shown to acetylate nonhistone substrates such as p53 (Sykes
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Figure 7. KAT8 abrogates the abundance of IRF3 at IFN-I promoters. (A) Immunoblot analysis of H4K16ac, histone 4, or B-actin in KAT8VfLyz2-Cre~ or
KAT8VALyz2-Cre* peritoneal macrophages infected with VSV (1 MOI) for the indicated times. (B) ChIP analysis of IRF3, H4Ac, or H4K16Ac at the Ifnb promoter
in KAT8VfLyz2-Cre~ or KAT8VALyz2-Cre* peritoneal macrophages infected for 6 h with VSV (1 MOI) or left untreated. (C) ChIP analysis of IRF3, H4Ac, or
H4K16Ac at Ifna4 promoter in KAT8VLyz2-Cre~ or KAT8VLyz2-Cre* peritoneal macrophages infected for 6 h with VSV (1 MOI) or left untreated. (D) ChIP
analysis of IRF3 at Ifnb or Ifna4 promoter in MEF cells from IRF3-deficient mice overexpressed with WT or mutant IRF3 for 24 h and then infected with VSV
(1 MOI) for 6 h. (E) EMSA of nuclear extract from KAT8VfLyz2-Cre~ or KAT8VALyz2-Cre* peritoneal macrophages infected with VSV (1 MOI) for 6 h. The ISRE motif
was biotin labeled. (F) Analysis of recombinant IRF3 WT or IRF3 mutant and IFN interaction in an EMSA assay. The Ifnb and Ifna motifs were biotin labeled.
** P < 0.01; two-tailed Student’s t test (B-D). Data are representative of three independent experiments with similar results (A, E, and F) or are from three
independent experiments (B-D; mean + SEM).

et al., 2006). In this study, KATS8 plays an important role in at-  mainly locates in the nucleus in peritoneal macrophages with or
tenuating antiviral immune response via directly mediating without virus infection. Thus, we postulate that KAT8 acetylates
K359 acetylation of IRF3. It will be interesting to delineate the IRF3 in the nucleus after the phosphorylation of IRF3. This is
relationship between phosphorylation and acetylation of IRF3in  consistent with the prior finding that p300 is capable of acety-
the context of antiviral innate immunity. Interestingly, KAT8 lating IRF3 in vitro, but only when IRF3 is present as a dimer in
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the holocomplex (Suhara et al., 2002), which indicates that
acetylation of IRF3 by p300 occurs in the nucleus and after
IRF3 phosphorylation. It is reasonable to assume that KAT8
has no effect on the phosphorylation, dimerization, and nu-
clear translocation of IRF3. IRF3 acetylation by p300 promotes
IRF3 DNA-binding ability and thus IFN-I production, while
IRF3 acetylation by KAT8 has the opposite effect. We conclude
that acetylation of IRF3 at discrete sites regulates a distinct
function of IRF3.

Acetylation events have been shown to directly affect
protein-protein interactions, protein-DNA interactions, and
protein stability (Gu and Roeder, 1997; Ageta-Ishihara et al.,
2013; Choudhary et al., 2014; Wang et al., 2016). Here, we dis-
cover that K359 acetylation of IRF3 by KAT8 reduces the re-
cruitment of IRF3 to IFN-I promoters. The possible mechanisms
responsible for this effect may be that K359 acetylation of IRF3
by KAT8 may change the structure of IRF3, resulting in
the dissociation of IRF3 from IFN-I promoters. In addition, IRF3
acetylation may influence the interaction between cofactors
and IRF3, resulting in less abundance of IRF3 at IFN-I
promoters. Therefore, further investigation may be required
to elucidate the more detailed mechanisms by which IRF3
acetylation by KAT8 affects the transcriptional activity of
IRF3.

On the basis of our data, we propose that K359 acetylation of
IRF3 by KATS8 abrogates its recruitment to IFN-I promoters,
thereby contributing to down-regulation of IFN-I production in
the antiviral innate response. Through the analysis of publically
available gene-profiling data (Gene Expression Omnibus acces-
sion no. GDS4602), we found that KATS expression was signif-
icantly decreased in psoriasis (Nair et al., 2009). Since IFN-I is
involved in the pathogenesis of psoriasis (Stockenhuber et al.,
2018), it is possible that the alterative expression of KAT8 may
lead to an imbalance in the production of IFN-I and IFN-
inducible genes, which might be involved in psoriasis develop-
ment. Thus, the roles of KATS8 in autoimmune disease need to be
further investigated. In conclusion, our study provides a novel
PTM layer of IRF3 that can attenuate antiviral innate immunity.
Inhibition of KAT8 expression may be a promising intervention
for treating viral diseases.

Materials and methods

Animal experiments

Male C57BL/6] mice (6-8 wk old) were from Joint Ventures
Sipper BK Experimental Animal Company. KAT81/fl mice were
kindly provided by Prof. T. Thomas (The Walter and Eliza Hall
Institute of Medical Research, Parkville, Australia). IRF3-
deficient mice were kindly provided by Prof. T. Taniguchi
(University of Tokyo, Tokyo, Japan). RIG-I-deficient mice were
generated and maintained as described previously (Wang et al.,
2007; Hou et al., 2014). Mice were bred in pathogen-free con-
ditions. All animal experiments were undertaken in accordance
with the National Institutes of Health's Guide for the Care and Use
of Laboratory Animals with approval of the Scientific Investiga-
tion Board of Second Military Medical University, Shanghai,
China.
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Reagents and antibodies

LPS (Escherichia coli serotype 0111:B4) and poly(I:C) were from
Sigma-Aldrich and have been previously described (Zhang et al.,
2015). HSV-1 was a gift from Q. Li (Chinese Academy of Sciences,
Beijing, China), VSV was a gift from W. Pan (Second Military
Medical University, Shanghai, China), and SeV was a gift from B.
Sun (Chinese Academy of Sciences, Shanghai, China). IRF3-his,
IRF3 (K359A)-his, and KAT8-GST fusion proteins were custom
produced by Detai Biologics. Protein A/G Plus-Agarose Immu-
noprecipitation Reagent (sc-2003) used for IP was from Santa
Cruz Biotechnology. ChIP-grade protein G magnetic beads
(9006) and cell lysis buffer (9803) were from Cell Signaling
Technology. Antibodies against KAT8 (46862), TBK1 (3013),
phospho-TBK1 (5483), IRF3 (4302), phospho-IRF3 (4947), p65
(8242), phospho-p65 (3033), ERK (9102), phospho-ERK (9106),
JNK (9258), phospho-JNK (4668), p38 (9212), phospho-p38
(9211), B-Actin (4967), Lamin A/C (4777S), Flag-Tag (2044),
HA-Tag (3724), and V5-Tag (13202) were from Cell Signaling
Technology. Antibodies against acetyl-histone H4 (06-598),
acetyl-histone H4 (Lysl6; 07-329), and CBP epitope tag were
from Millipore. Antibodies against acetyl (ab21623) and histone
4 (ab10158) were from Abcam. The polyclonal antibody against
IRF3 K359 acetylation (IRF3 K359ac) was custom produced by
Abmart. PE/cy7 anti-mouse CD3 (145-2C11; 100320), BV421 anti-
mouse CD4 (GK1.5; 100437), BV605 anti-mouse CD8 (53-6.7;
100744), PE-Dazzle 594 anti-mouse NKI1.1 (PK136; 108747),
BV605 anti-mouse CD45 (30-F11; 103155), AF647 anti-mouse F4/
80 (BMS; 123122), PE anti-mouse ly6c (H41.4; 128008), and FITC
anti-mouse LY6G (1A8; 127606) were from BioLegend. FITC anti-
mouse CD45 (30-F11) and anti-CD16/32 (2.4G2) were from BD
Bioscience. Percp-cy5.5 anti-mouse CD11b (M1/70) and APC-cy7
anti-mouse CD19 (eBiol03) were from eBioscience. Oregon
Green 488 goat anti-rabbit IgG (H+L; REF011038) was from Life
Technologies.

Cell culture

HEK293T and RAW264.7 cell lines were from ATCC. To obtain
mouse primary peritoneal macrophages, mice (male or female,
6-8 wk old) were injected intraperitoneally with 3% fluid thio-
glycollate medium (Merck). 3 d later, peritoneal lavage fluids
were collected and centrifuged. Cells were resuspended with
DMEM containing 10% FBS (Gibco) and cultured in plates. 2 h
later, nonadherent cells were removed, and the adherent
monolayer cells were washed with DMEM and used as perito-
neal macrophages. Primary MEF cells were isolated form IRF3-
deficient embryos. Stable overexpression of TAP-tagged IRF3
cells (TAP-RAW264.7 cells) were established by using interplay
TAP-expressing system (Merck) containing a CBP, and
streptavidin-binding protein epitopes in TAP tag were estab-
lished by our laboratory. The cells above were cultured in
endotoxin-free DMEM supplemented with 10% FCS (Gibco).
Bone marrow-derived DCs were generated by cultivating
mouse bone marrow cells in RPMI 1640 medium containing
10% FBS (Gibco) supplemented with recombinant GM-CSF
(20 ng/ml) and IL-4 (5 ng/ml; Peprotech). Fresh medium was
added on day 3 and day 6, and the fully differentiated DCs were
harvested on day 8 for the function assay. The generated DC
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population was analyzed by flow cytometry based on CDllc
expression and further enriched using CDllc microbeads
(Miltenyi Biotec).

Plasmid constructs and transfection

Expression vectors encoding V5-tagged KAT8 were constructed
by PCR cloning into pcDNA3.1-V5 eukaryotic expression vector
and FLAG-tagged IRF3 into pcDNA3.1-FLAG vector, respectively.
Mutants and truncations of KAT8 and IRF3 were generated by
PCR-based amplification. For transient transfection of plasmids
in HEK293T cells, jetPEI reagent (PolyPlus) was used according
to the manufacturer’s instructions. For transient transfection of
plasmids in MEF cells and RAW264.7 cells, FuGENE HD trans-
fection reagent (E2311; Promega) was used according to the
manufacturer’s instructions.

RNA isolation and quantitative PCR (Q-PCR) assay

Total RNA was extracted from cells using TRIzol reagent (In-
vitrogen) following the instructions. Q-PCR analysis was per-
formed using LightCycler 480 (Roche) and a SYBR RT-PCR kit
(Takara). The mouse primer sequences used for Q-PCR were as
follows: Ifnb forward, 5'-CAGCTCCAAGAAAGGACGAAC-3’; Ifnb
reverse, 5'-GGCAGTGTAACTCTTCTGCAT-3'; Ifna forward, 5'-
TACTCAGCAGACCTTGAACCT-3’; Ifna reverse, 5'-CAGTCTTGG
CAGCAAGTTGAC-3'; Tnf forward, 5'-GACGTGGAACTGGCA
GAAGAG-3'; Tnf reverse, 5'-TTGGTGGTTTGTGAGTGTGAG-3;
Il6 forward, 5'-TAGTCCTTCCTACCCCAATTTCC-3’; Il6 reverse,
5'-TTGGTCCTTAGCCACTCCTTC-3'; Kat8 forward, 5'-ACGAGG
CGATCACCAAAGTG-3’; Kat8 reverse, 5'-AAGCGGTAGCTCTTC
TCGAAC-3'; B-actin forward, 5'-AGTGTGACGT TGACATCCGT-
3’; and B-actin reverse, 5'-GCAGCTCAGTAACAGTCCGC-3'. Data
were normalized to B-actin expression.

ELISA

IFN-B, IFN-a, TNF, and IL-6 levels in the supernatants or sera
were measured using a mouse IFN-B or IFN-o ELISA kit (PBL
Biomedical Laboratories) as well as a mouse TNF or IL-6 ELISA
kit (R&D Systems).

Immunoprecipitation and immunoblot analysis

Total proteins of cells were extracted with cell lysis buffer (Cell
Signaling Technology) and additional protease inhibitor “cock-
tail” (Calbiochem) and 1 mM PMSF. Cytoplasm and nuclear
protein were extracted with NE-PER extraction reagent
(Thermo). Equal amounts of proteins were counted after con-
centrations measured with a bicinchoninic acid assay (Pierce)
for Western blot or IP as described.

ChIP assay

ChIP was performed following the instructions of the Chromatin
Immunoprecipitation Assay Kit (Millipore). Target gene pro-
moter sequences in both input DNA and recovered DNA im-
munocomplexes were assessed by Q-PCR analysis. The primers
were as follows: Ifnbl promoter forward, 5'-CCAGGAGCTTGA
ATAAAATGAA-3'; Ifnbl promoter reverse, 5'-TGCAGTGAGAAT
GATCTTCCTT-3'. Ifna4 promoter forward, 5'-ATCCCAGACACA
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CAAGCAGAGAG-3'; and Ifna4 promoter reverse, 5-GGCTGT
GGGTTTGAGTCTTCT-3'. Data were normalized by input DNA
for each sample.

Luciferase assay

Cells were transiently transfected with the indicated combina-
tions of plasmids. The total amount of transfected DNA in each
dish was kept constant by the addition of empty vector wherever
necessary. Cell extracts were prepared 24 h after transfection,
and luciferase activity was measured using the Dual-Glo Lucif-
erase Assay System (Promega). Luciferase activity was mea-
sured and normalized to Renilla.

CRISPR-Cas9-mediated gene knockout

Cas9/green fluorescent protein and KAT8 guide RNA plasmids
(Shanghai Biomodel Organism Science & Technology Develop-
ment Co.) were transiently transfected into RAW 264.7 cells
using FuGENE HD transfection reagent according to the manu-
facturer’s instructions. Single transfected cells were sorted into
individual wells in a 96-well plate using the MoFlo XDP and then
expanded and screened by immunoblot.

RNA interference

siRNAs against KAT5, KAT6A, KAT6B, KAT7, KATS, and negative
control were from Dharmacon. Macrophages were transfected
with siRNA by using RNAi MAX reagent (Invitrogen) according
to a transfection procedure.

GST pull-down assay

GST pull-down assays were performed using a GST Protein In-
teraction Pull-Down Kit (Pierce) following the manufacturer’s
instruction. In brief, 500 pg purified IRF3 protein was incubated
with 100 pg GST-tagged KAT8 proteins or GST control protein in
Tris-buffered saline buffer with glutathione agarose beads
overnight at 4°C. The incubated proteins were then washed and
immunoblotted using anti-IRF3 antibody.

EMSA

Peritoneal macrophages were infected with VSV (1 multiplicity
of infection [MOI]) for 6 h, and then nuclear extracts from cells
were prepared following the manufacturer’s instructions using
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Fisher) supplemented with protease inhibitor cocktail (Calbio-
chem) and 1 mM PMSF. The nuclear extracts were incubated
with a biotin-labeled ISRE (forward, 5'-GGGAAAGGGAAACCG
AAACTGA-3’; reverse, 5'-TCAGTTTCGGTTTCCCTTTCCC-3’)
probe. Recombinant WT IRF3 or IRF3 mutation (K359A), to-
gether with recombinant KAT8, were incubated with biotin-
labeled IFN-B probe (forward, 5'-GAAAACTGAAAGGGAGAA
CTGAAAGT-3’; reverse, 5'-CTTTTGACTTTCCCTCTTGACTTT
CA-3') or a biotin-labeled IFN-a probe (forward, 5'-GAAAGT
GAAAAGAGAATTGGAAAGC-3’; reverse, 5 -CTTTCACTTTTC
TCTTAACCTTTCG-3').

RNA sequencing analysis
Total RNA was isolated using an RNeasy mini kit (Qiagen).
Total RNA was quantified using a NanoDrop ND-2000
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spectrophotometer (Thermo Fisher Scientific), and RNA in-
tegrity was determined using an Agilent 2100 system and an
RNA 6000 Nano kit (Agilent Technologies). The paired-end
libraries were constructed using a TruSeq Stranded mRNA
LTSample Prep Kit (Illumina) according to the manufacturer’s
instructions. The libraries were then sequenced on an Illu-
mina platform (HiSeq X Ten; lllumina, Shanghai OE Biotech
Co., Ltd.), and 150-bp paired-end reads were generated. Raw
data (raw reads) were processed using Trimmomatic. The
reads containing poly-N and low-quality reads were removed
to obtain the clean reads. Then, the clean reads were mapped
to the reference genome using hisat2. The fragments per
kilobase of transcript per million mapped reads value of each
gene was calculated using cufflinks, and the read counts of
each gene were obtained by htseq-count. Differentially ex-
pressed genes were identified using the DESeq (2012) R
package functions estimate Size Factors and nbinomTest.
Gene ontology enrichment and Kyoto Encyclopedia of Genes
and Genomes pathway enrichment analysis of differentially
expressed genes were respectively performed using R based
on the hypergeometric distribution. The RNA sequencing data
have been deposited in the Gene Expression Omnibus with
accession no. GSE124551.

Confocal microscopy

Macrophages were fixed with 4% paraformaldehyde for 15 min
and permeabilized with 0.2% Triton X-100 for 5 min. After
blocking with 5% BSA, cells were labeled with anti-KAT8 anti-
body followed by staining with corresponding secondary anti-
bodies. Cells were observed with a Leica TCS SP2 confocal laser
microscope.

Flow cytometric analysis

For flow cytometry, the 2.4G2 antibody was used as a pretreat-
ment to minimize nonspecific binding. Cell suspensions were
stained with fluorescence-conjugated primary antibodies for
30 min at 4°C. Flow cytometry data were acquired using the
Fortessa flow cytometer (Becton Dickinson) and analyzed by
Flow]Jo software (Becton Dickinson).

Statistical analysis

Statistical significance between two groups was determined by
unpaired two-tailed Student’s t test or ANOVA. The statistical
significance of survival curves was estimated according to the
method of Kaplan and Meier, and the curves were compared
with the generalized Wilcoxon’s test. Differences were consid-
ered to be significant when P < 0.05.

Online supplemental material

Fig. S1 analyzes the production of IFN-I in KAT8 knockdown
peritoneal macrophages. Fig. S2 shows that KAT8 KO selectively
promotes the production of IFN-I in RAW264.7 cells and that
KATS deficiency has no influence on cell development and dif-
ferentiation in vivo. Fig. S3 shows that KAT8 KO selectively
promotes virus-induced IFN-I production in DCs and that KAT8
knockdown has no effect on virus-induced phosphorylation,
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dimerization, and nuclear translocation of IRF3 in macrophages.
Fig. S4 detects IRF3 acetylation at K359 in VSV-infected mac-
rophages. Fig. S5 analyzes the abundance of IRF3 at IFN-I pro-
moters in KAT8 knockdown peritoneal macrophages.
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