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IMMUNOLOGY

XAF1 promotes anti-RNA virus immune responses by
regulating chromatin accessibility

Ming Kuang't, Yingchi Zhao'+, Haitao Yu't, Siji Li?, Tianyi Liu', Luoying Chen’, Jingxuan Chen®*,
Yujie Luo’, Xuefei Guo', Xuemei Wei', Yunfei Li', Zeming Zhang', Dandan Wang®, Fuping You'*

A rapid induction of antiviral genes is critical for eliminating viruses, which requires activated transcription
factors and opened chromatins to initiate transcription. However, it remains elusive how the accessibility of
specific chromatin is regulated during infection. Here, we found that XAF1 functioned as an epigenetic regulator
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that liberated repressed chromatin after infection. Upon RNA virus infection, MAVS recruited XAF1 and TBK1.
TBK1 phosphorylated XAF1 at serine-252 and promoted its nuclear translocation. XAF1 then interacted with
TRIM28 with the guidance of IRF1 to the specific locus of antiviral genes. XAF1 de-SUMOylated TRIM28
through its PHD domain, which led to increased accessibility of the chromatin and robust induction of antiviral
genes. XAF1-deficient mice were susceptible to RNA virus due to impaired induction of antiviral genes. Togeth-
er, XAF1 acts as an epigenetic regulator that promotes the opening of chromatin and activation of antiviral im-

munity by targeting TRIM28 during infection.

INTRODUCTION

Innate immunity is the natural immune defense formed by hosts
during germline development and evolution, and it is the first
line of defense against invading pathogens (1, 2). Pathogen-associ-
ated molecular patterns (PAMPs) from exogenous pathogens or
damage-associated molecular patterns (DAMPs) from hosts can
bind to pattern recognition receptors (PRRs) to initiate the down-
stream innate immune responses (3). There are a variety of PRRs
involved in the initiation of innate immune responses, including
Toll-like receptors (TLRs) (4), retinoic acid—inducible gene I-like
receptors (RLRs) (5), cyclic guanosine 3’,5'-monophosphate—aden-
osine 5'-monophosphate (GMP-AMP) synthase (cGAS) (6), and
NOD-like receptors (7). After sensing the PAMPs or DAMPs,
these PRRs recruit adaptor proteins, including stimulator of inter-
feron genes (STING), mitochondrial antiviral signaling protein
(MAVS), and TIR domain-containing adaptor-inducing interfer-
on-beta, and then activate TANK binding kinase 1 (TBK1) respec-
tively (8). TBK1 phosphorylates and activates transcription factors
interferon regulatory factor 3 (IRF3) and IRF7, and these IRFs ini-
tiate transcription of type I interferons (IFNs) (9). Type I IFNs
induce antiviral effectors that inhibit viral replication and activate
adaptive immune responses (10-13).

IRF3-directed transcription of type I IFNs is vital for antiviral
innate immunity. Phosphorylated IRF3 dimerizes and translocates
to the nucleus, driving the expression of type I IFNs and IFN-stim-
ulated genes (ISGs) to initiate an IFN-dependent antiviral response
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(14). ISG expression can be induced by IRF3 directly or secreted
type I IFNs via IFN receptor signaling (15).

IRF1 plays a more important role than IRF3 at the very early
stage of viral infection. Upon viral infection, peroxisomal MAVS
triggers the rapid expression of IFN-independent genes by IRF1
to provide short-term protection, whereas mitochondrial MAVS ac-
tivates an IFN-dependent signaling pathway by IRF3 with a delayed
kinetics, which amplifies and stabilizes the antiviral responses (16).
Therefore, IRF1 plays a crucial role in the very early stage, whereas
IRF3 plays a critical role after IRF1 activation.

IRF1 induces the transcription of various genes involved in the
first response to viral invasion, such as RNA-activated protein
kinase (PKR) and 2',5'-oligoadenylate synthetases (OAS) (17, 18).
Previous studies have revealed the roles of IRF1 in the development
of various immune cells. IRF1 is expressed broadly and is required
for the ontogeny and function of the lymphoid and myeloid com-
partments of the immune system, including T lymphocytes, natural
killer (NK) cells, and macrophages (IRF1 and IRF2 bind to the same
regulatory elements of IFN and IFN-inducible genes). Irfl ™'~ mice
are immunodeficient and susceptible to infections. They carry
lineage-specific defects in thymocyte development characterized
by a marked reduction in CD8" T cells (19), a decrease in NK cell
numbers with associated impaired cytolytic activity (20), and
reduced numbers of CD8a* dendritic cells (DCs) concomitant
with a skewed differentiation of CD11b" cells toward plasmacytoid
DCs (21). The diversity of differentiation raises the question of why
the expression of the same transcription factor leads to different
gene subsets. The combination of gene expression and chromatin
accessibility analysis allows the analysis of another level of gene reg-
ulation. Pioneering factors that alter chromatin also affect the acces-
sibility of transcription factors to specific genes (22). A recent study
showed that IRF1 regulates chromatin accessibility to promote
IFNBI transcription by IRF3, highlighting the importance of IRF1
in the regulation of chromatin accessibility (23).

Regulation of chromatin opening and gene expression underlies
a key point during host defense against viral infection, which
endows the host with timely and effective expression patterns of
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antiviral genes. However, how the expression of genes is regulated
by chromatin remodeling during viral infection and the mecha-
nisms by which determine the opening of specific chromatin in an-
tiviral immunity remain unclear (24, 25). Tripartite motif-
containing (TRIM) 28, as an epigenetic corepressor protein, is ubiq-
uitously expressed. TRIM28 recruits the histone methyltransferase
SETDBI in a SUMO-dependent manner. SETDBI then creates re-
pressive histone marks at transposable elements (TEs) sites [partic-
ularly trimethylation of lysine-9 on histone subunit H3
(H3K9me3)] that recruit heterochromatin protein 1 (HP1) to
induce DNA heterochromatinization and TE repression (26). SU-
MOylation of TRIM28 is lost during viral infection. The loss of SU-
MOylated TRIM28 leads to derepression of TEs by the removal of
DNA heterochromatin (27). In some cases, TE expression may act
in cis to promote innate immune responses (26, 28). The mecha-
nism by which TRIM28 SUMOylation is reduced after viral infec-
tion is currently unclear.

X-linked inhibitor of apoptosis (XIAP)-associated factor 1
(XAF1) was originally identified as an antagonist of XIAP counter-
acting its anti-caspase activity by inhibiting the RING domain of
XIAP. XAF1 is a nonclassical zinc finger protein and has seven
zinc finger domains (29). Frequent epigenetic inactivation of
XAFI in multiple human cancers and its association with the ad-
vanced stage and high grade of tumors support the notion that
XAF1 alteration is implicated in tumor progression (30-32).
Several studies have clarified its functions in tumor suppression
and pro-apoptosis, but as an ISG, the function of XAF1 in antiviral
immune responses is unknown.

In the present study, we demonstrated that XAF1 was a positive
regulator of innate antiviral immunity against RNA viruses. XAF1
deficiency resulted in impaired induction of antiviral genes. Consis-
tently, Xafl '~ mice were more susceptible to the infection of RNA
viruses than wild-type (WT) mice. Mechanistically, upon RNA
virus infection, XAF1 was recruited by MAVS and then phosphor-
ylated by TBK1 at serine-252, which initiated its translocation from
the cytoplasm to the nucleus. XAF1 then was specifically recruited
by IRF1 and bind to TRIM28 to inhibit SUMOylation of TRIM28.
This liberated the suppressed chromatin and enhanced the tran-
scription of IRF1-regulated innate immune genes to initiate early
antiviral responses. On the other hand, XAF1 and IRF1 facilitated
IRF3 to transcribe IFNBI to initiate IFN-dependent antiviral re-
sponses. Therefore, XAF1 plays a key role in the communication
between IRF1-mediated early immune responses and IRF3-mediat-
ed late IFN-dependent immune responses.

RESULTS

XAF1 facilitates antiviral immune signaling

The RLR-MAVS pathway plays a pivotal role in innate immune re-
sponses to RNA virus infection. To identify previously unknown
cellular regulators of this pathway, we investigated MAVS-interact-
ing proteins by using proximity-dependent biotin identification,
which is an effective method for identifying protein-protein inter-
actions in living cells (33). MAVS was cloned into a mammalian ex-
pression vector with a TurbolD tag for proximity-based labeling
and screening of MAVS-interacting proteins (34). HT-29 cells
were transfected with the TurboID-tagged MAVS plasmid for 18
hours and then infected with or without vesicular stomatitis virus
(VSV) for 6 hours. Following biotin affinity capture, the
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biotinylated proteins were purified and analyzed by mass spectrom-
etry to identify MAVS-interacting proteins (Fig. 1A). XAF1 was
identified as a strong MAVS-binding partner after VSV infection
(table S1). The interaction between MAVS and XAF1 was further
confirmed by a coimmunoprecipitation (coIP) assay (fig. S1A).

XAF1 is known as a pro-apoptosis protein (29), whose function
in innate immunity remains elusive. We first evaluated the effect of
XAF1 overexpression on RLR-MAVS and ¢cGAS-STING signaling.
Transient overexpression of cGAS, STING, the N-terminal caspase
activation and recruitment domains of RIG-I (RIG-N) or MDA5
(MDAS5-N), MAVS, or TBK1 alone was sufficient to induce signifi-
cant IFNBI expression (Fig. 1B). Notably, simultaneous overexpres-
sion of XAF1 further magnified IFNBI expression stimulated by
RIG-N, MDAS5-N, MAVS, or TBK1, but not by cGAS or STING
in WT human embryonic kidney (HEK) 293 cells. However, this
synergistic effect was completely abolished in MAVS™~ cells
(Fig. 1B), indicating that XAF1 regulates RLR signaling in a
MAVS-dependent manner. Consistently, overexpression of XAF1
enhanced IFNBI expression during RNA virus infection, including
VSV and Sendai virus (SeV) (fig. S1B). Next, we assessed the role of
XAFI in RLR signaling and viral infection using a loss-of-function
approach. The XAF1 expression levels are extremely low in many
cell lines, but XAF1 is expressed in human colon cancer cell lines
such as HT-29 (35, 36). In addition to HT-29 cell line, we also de-
tected XAF1 expression in THP-1 cell line by Western blotting (fig.
S1C). We thus knocked out XAFI in HT-29 and THP-1 cells using a
CRISPR-Cas9-mediated genome editing approach. The expression
of IFNBI and ISG15 mRNA during infection with RNA viruses
(VSV and SeV) in XAF1 ™'~ cells was significantly lower than that
in WT THP-1 and HT-29 cells. However, there was no significant
difference in IFNBI1/ISG15 expression between WT and knockout
cells infected with a DNA virus, herpes simplex virus 1 (HSV-1)
(Fig. 1, C and D, and fig. S1D). Moreover, we measured the secre-
tion of type I IFN proteins using a luciferase reporter 2fTGH cell
line in which Luc is driven by the IFN-stimulated response
element (ISRE) (2fTGH-ISRE-Luc cells). XAF1-deficient HT-29
and THP-1 cells exhibited decreased secretion of type I IFNs after
RNA virus infection (Fig. 1, E and F). Consistently, the replication of
VSV, but not HSV-1, increased significantly in XAF1-deficient HT-
29 and THP-1 cells when compared to WT cells (fig. S1E). These
data demonstrated that XAF1 is crucial for the induction of type I
IFN responses to RNA, but not DNA viruses.

To assess the impact of XAFI deficiency on antiviral immune
responses in an unbiased manner, we performed genome-wide
RNA sequencing (RNA-seq) analysis with RNA from WT and
XAF1™'~ HT-29 cells after VSV infection. The expression of antivi-
ral genes was apparently reduced in XAFI ™'~ HT-29 cells (Fig. 1G
and fig. SI1F). Furthermore, the Gene Ontology (GO) enrichment
analysis revealed that most of the down-regulated genes in XAF1
knockout were enriched in the type I IFN signaling pathway,
innate immune response, and defense response to virus (Fig. 1H).
It is well known that XAF1 promotes apoptosis by inhibiting XIAP.
To examine whether XAF1-XIAP axis plays a role in the induction
of IFN by viral infection, we knock down XIAP in HT-29 cells. The
results showed that XIAP was dispensable for the induction of
IFNB1 mRNA during infection of RNA or DNA viruses (fig.
S1G). Collectively, these results suggested that XAF1 facilitates
host defense against RNA viruses and is critical for the induction
of antiviral genes.
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Fig. 1. XAF1 facilitates antiviral inmune signaling. (A) Flow chart depicting the process of MAVS-TurbolD proximity-based labeling technology to detect interacting

proteins. XAF1 was identified as a MAVS-interacting prote

in by mass spectrometry. (B) Luciferase (Luci) activity in HEK293T cells transiently transfected with 50 ng of the

PRL-TK reporter, 50 ng of luciferase reporter driven by promoters of genes encoding IFN-f3, empty vector (Vector), or XAF1 together with expression plasmids for Cgas,
STING, cGAS+STING, N-MDA5, N-RIG-I, MAVS, or TBK1 for 24 hours. (C and D) Quantitative real-time polymerase chain reaction (QRT-PCR) analysis of IFNBT and ISG15 was

performed after NT (nontreated) or after stimulation with
response element) cells were treated with supernatant fro|

SeV, VSV, or HSV-1 for 12 hours in XAF1 ™/~ HT-29 (C) and THP-1 (D) cells. (E and F) 2fTGH-ISRE (IFN-stimulated
m control and XAF1~/~ HT-29 (E) and THP-1 (F) cells, which were NT or stimulated with SeV, VSV, or HSV-1 for 12

hours. After 6 hours of treatment of the supernatant, ISRE luciferase activity was measured. (G) Heatmap for selected ISGs in WT and XAF1~/~ HT-29 cells treated with or

without VSV for 6 hours. (H) Histogram of the combined sc

ore (https://david.ncifcrf.gov/tools.jsp) for biological processes for the up-regulated genes in WT versus XAF1 ™/~

HT-29 cells treated with or without VSV for 6 hours. Data are the means + SEM (n = 3) from three independent experiments; NS, not significant; *P < 0.05 and **P < 0.01
[Student’s t test, (B) to (F)]. Data are representative of two [(G) and (H)] or three [(B) to (F)] independent experiments with similar results.
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XAF1 positively regulates IFN responses in vivo

To evaluate the importance of XAF1 in host defense against RNA
viruses in vivo, we generated XAF1-deficient mice (Fig. 2A). Then,
we infected 8-week-old WT and Xafl '~ mice with VSV (intrave-
nously), HSV-1 (intravenously), or influenza A virus (IAV) (intra-
nasally) and monitored their survival. The results showed that
Xaf1™'~ mice were much more susceptible to VSV- and IAV-
caused death, but not HSV-1-caused death, than WT mice
(Fig. 2B and fig. S2A). Consistently, the VSV loads in the blood
and brains of Xafl ™'~ mice were significantly higher than those
in WT mice (Fig. 2C), whereas the HSV-1 loads were the same
between two groups (fig. S2B). In line with this, the mRNA levels
of Ifnbl, Isgl5, and Cxcl10 were significantly lower in the blood
and brains of Xafl =/~ mice than in those of WT mice (Fig. 2D).
However, the expression of the inflammatory cytokine Tnuf in the
blood was not different between WT and Xafl '~ mice and even
higher in in the brains of Xafl '~ mice (Fig. 2D), suggesting that
XAF1 is dispensable for the induction of Tnf during viral infection.
Consistent with the reduction of mRNA levels, the secretion of Ifnp,
Isg15, and Cxcl10 proteins, was impaired in XafI ~'~ mice after VSV
but not HSV-1 infection (Fig. 2E and fig. S2C). Furthermore, we
infected bone marrow—derived macrophages (BMDMs) and perito-
neal macrophages (PMs) from WT and Xafl ~'~ mice with viruses.
The lack of XAFI significantly dampened the induction of Ifnb1
and Isgl5 mRNA by VSV but not by HSV-1 infection (Fig. 2, F
and G, and fig. S2, D and E). Together, these data showed that
XAF1 is critical for the host defense against RNA virus infection
in mouse models.

XAF1 interacts with MAVS and TBK1

We above showed that XAF1 played an important role in the RLR
signaling pathways (Fig. 1B). To clarify the mechanism, we immu-
noprecipitated and analyzed endogenous XAF1 by Western blot-
ting. Notably, in addition to MAVS, TBK1 and IRF1 were also
coprecipitated with XAF1. However, XAF1 did not pull down
RIG-I, MDAS5, IRF3, or IkB kinase € (IKKe) (Fig. 3A). We then gen-
erated a series of truncations to identify the respective domains of
MAVS, TBK1, and XAF1 mediating their interaction (Fig. 3B). With
colP assays, we observed that full-length XAF1 was co-immunopre-
cipitated with full-length and the transmembrane domain (corre-
sponding to residues 360 to 540 amino acids) of MAVS (Fig. 3C),
and the zinc finger domains 1 to 3 (ZF; 1 to 79 amino acids) of XAF1
were sufficient to pull down MAVS as full-length XAF1 did
(Fig. 3D). The ubiquitin-like domain (ULD; 308 to 406 amino
acids) of TBK1 interacted with the ZF7 (173 to 301 amino acids)
of XAF1 (Fig. 3, E and F) (red arrowheads in C to F point to the
desired protein bands). To examine whether these interactions are
direct or not, we performed a yeast two-hybrid experiment. We
noted that XAF1 directly interacted with MAVS but not TBK1. As
a positive control, direct ERALI-MAVS interaction (37) was reca-
pitulated here. As a negative control, we did not detect the direct
interaction between XAF1 and STING (Fig. 3G). Consistently, de-
letion of individual ZF1, ZF2, ZF3, or ZF7 abolished the ability of
XAFI to enhance MAVS-induced IFNBI (fig. S3A). Together, our
data showed that XAF1 interacted with MAVS and TBK1 to facili-
tate IFN responses.
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TBK1 phosphorylates XAF1 at S252 and promotes early
nuclear translocation of XAF1

To understand the mechanistic basis by which XAF1 regulates an-
tiviral responses, we explored the subcellular location of XAF1
during virus infection. In unstimulated cells, endogenous XAF1
was found both in the cytosol and nucleus (29). A putative
nuclear localization signal (NLS) of XAF1 corresponding to
amino acids 205 to 235 was identified by a NLS prediction software
(www.compbio.dundee.ac.uk/www-nod/index.jsp). To confirm
whether this NLS was functional, we constructed a plasmid in
which the putative NLS sequence was deleted. The NLS deletion
mutant (ANLS) was completely absent from the nucleus
(Fig. 4A), and unable to enhance the induction of IFNBI by
MAVS as full-length XAF1 did (Fig. 4B). Moreover, the semi-dena-
turing detergent agarose gel electrophoresis (SDD-AGE) assay
showed that MAVS aggregation was not affected by overexpression
of XAF1 (fig. S4A). Consistently, the dimerization, nuclear translo-
cation of IRF3, and phosphorylation of TBK1 were unaffected by
deficiency of XAF1 (fig. S4, B and C). These results suggested that
XAF1 does not regulate the activation of MAVS-TBK1-IRF3 axis.

Notably, infection with RNA viruses (VSV and SeV) but not
DNA virus induced apparent translocation of XAFI into the
nucleus both in HT-29 cells (Fig. 4C) and THP-1 cells (fig. S4D)
rapidly as early as 1 hour after infection. In addition, a similar phe-
nomenon was observed when HT-29 cells were stimulated by syn-
thetic RLR agonists, low—molecular weight (LMW) polyinosinic:
polycytidylic acid [ploy(I:C)] and high-molecular weight (HMW)
ploy(I:C) (fig. S4E). No significant nuclear translocation was
noted at the very early stage of HSV-1 infection (1 and 3 hours)
(Fig. 4C). However, at later stages of HSV-1 infection (6 and 12
hours), both the cytoplasmic and nuclear XAF1 levels increased
equally (Fig. 4C). This is because as an ISG, the expression of
XAF1 was significantly induced by IFNs (38). These results demon-
strated that XAF1 is rapidly translocated to the nucleus in response
to RNA virus infection.

Next, we explored the molecular mechanism driving XAF1
nuclear translocation during RNA virus infection. As above
shown, XAF1 interacted with MAVS and TBKI1 (Fig. 3A). TBK1
is a key kinase in many PRR pathways. To explore whether MAVS
and TBK1 mediate the early nuclear translocation of XAF1, we gen-
erated MAVS and TBK1 knockout HT-29 cells. Knockout of MAVS
and TBKI1 abolished the early nuclear translocation of XAFI at 1 to
3 hours after infection (Fig. 4D). To determine whether TBK1 acti-
vates XAF1 via its kinase activity, we performed mass spectrometry
to detect phosphorylation modifications of endogenous XAF1 in
TBKI1™'~ and WT HT-29 cells infected with VSV for 3 hours
(Fig. 4E). XAF1 was phosphorylated at $252 and 5268 after VSV in-
fection (Fig. 4F, fig. S4F, and table S2). To determine whether phos-
phorylation of S252 or S$268 is crucial for XAF1 function and
nuclear translocation, S252A and S268A (mutating serine to
alanine prevents potential phosphorylation) mutant XAF1 were
constructed. We observed that S252A mutation largely abolished
the capacity of XAF1 to promote IFNBI expression during VSV in-
fection when compared with WT and S268A XAF1. Consistent with
this, the S252A mutant failed to suppress VSV replication as WT
and S268A XAF1 did (Fig. 4G). Furthermore, the nuclear pool of
$252A mutant XAF1 was much less than that of WT and S268A
XAF1 (Fig. 4H). Conversely, replacing S252 with D (glutamic
acid) to mimic constitutive phosphorylation of XAF1 enhanced
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after VSV infection, the brains and blood of WT and Xaf1 ™'~ mice were retrieved for qRT-PCR analysis of VSV genomic copies. (D) Ifnb1, Isg15, Cxcl10, and Tnf mRNA
expression in the brain and blood was assessed by qRT-PCR, 1 day after VSV infection. (E) Effects of XAF1 deficiency on VSV-induced serum levels of Ifn3, Isg15, and Cxcl10.
WT and Xaf1 ™~ mice were infected with VSV (n = 6) at 10’ PFU per mouse for 6 hours before serum was measured by enzyme-linked immunosorbent assay. (F and G)
Peritoneal macrophages (PMs) and bone marrow—derived macrophages (BMDMs) isolated from WT and Xaf1 ~'~ mice were infected with VSV for 12 hours. Ifnb1 and Isg15
mRNA was measured by qRT-PCR analysis. Data are means + SEM (n = 3) from three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 [Student’s t test (C) to
(G)]. *P = 0.0007 and *P = 0.0339 [long-rank test (B)]. Data are representative of three independent experiments with similar results. sgRNA, single guide RNA.
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Fig. 3. XAF1 interacts with MAVS and TBK1. (A) colP assay analysis of the interaction between endogenous XAF1 and RIG-I, MDA-5, TBK1, MAVS, IRF1, IRF3, and IKKe in
HT-29 cells. (B) Diagram detailing the series of truncations of MAVS, TBK1, and XAF1. (C and D) colP assay analysis shows which domains of MAVS and XAF1 interacted. Red
arrowheads in (C) and (D) highlight the interaction bands. (E and F) colP assay analysis shows which domains of TBK1 and XAF1 interacted. Red arrowheads in (E) and (F)
highlight the interaction bands. (G) Direct interaction of XAF1 with MAVS, STING, and TBK1 was detected by a yeast two-hybrid assay. Yeast strain AH109 was transfected
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representative of three independent experiments with similar results. WCL, whole-cell lysate; IP, immunoprecipitation; IB, immunoblot.
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Fig. 4. TBK1 phosphorylates XAF1 at 252 and promotes early nuclear translocation of XAF1. (A) Putative NLS sequences of XAF1 were screened. Western blotting
was used to analyze the protein distribution in cytoplasm and nucleus. (B) Luciferase activity in HEK293T cells transfected with 50 ng of pRL-TK reporter and 50 ng of
luciferase reporter driven by promoters of genes encoding IFN-B, expression plasmids MAVS together with Vector, full length (FL), or NLS-deletion XAF1 plasmids for 24
hours. (C and D) Cytoplasmic and nuclear fractions were isolated, and the time course of changes in (C) XAF1 levels in each fraction after VSV, SeV, and HSV-1 infection in
HT-29 cells and (D) XAF1 levels in each fraction after VSV infection in MAVS™~ (top) or TBK1~/~ (bottom) HT-29 cells was tracked by Western blotting. The relative ex-
pression of XAF1 [relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or LMNA (Lamin A/C)] curve shows its dynamic changes in cytoplasm and nucleus. (E)
Aflow chart depicting the process of colP experiments to detect the phosphorylation site of XAF1 by TBK1 in TBK7 ™/~ and WT HT-29 cells. (F) Phosphorylation site of XAF1
by TBK1 was identified via mass spectrometry. (G and H) HEK293T cells were transfected with indicated Vector, FL-XAF1, S252A-XAF1, and S268A-XAF1 for 24 hours. After
12 hours of VSV infection, gRT-PCR analyses of IFNBT mRNA (top) and VSVG mRNA (bottom) were performed. Western blotting was used to analyze the protein distri-
bution in cytoplasm and nucleus. Data are means + SEM (n = 3) from three independent experiments. *P < 0.05 and **P < 0.01 [Student's t test (B) to (D) and (G)]. Data are
representative of two [(E) and (F)] or three [(A) to (D) and (G) and (H)] independent experiments with similar results. aa, amino acid.
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IFNBI expression and XAF1 nuclear translocation compared with
WT and S268D XAFI (fig. S4, G and H). Together, the phosphor-
ylation of XAF1 S252 by TBK1 is essential for the early nuclear
translocation and IFN-promoting function of XAF1.

XAF1 is required for induction of IRF1 and IRF3

target genes

Transcription factor enrichment analysis of down-regulated genes
from RNA-seq of WT/XAFI~'~ HT-29 cells showed that IRF1
and IRF3 were critical transcription factors associated with XAF]I
deficiency (fig. S5, A and B). IRF1 induces transcription of early
IEN-independent antiviral genes, while IRF3 primarily mediates
transcription of type I IFN genes. This is consistent with our
above data that XAF1 was essential for induction of IfnbI and
Isgs, but not Tnf, in mice after infection (Fig. 2). We here further
confirmed that the genes regulated by IRF1 and IRF3 were signifi-
cantly decreased due to deficiency of XAFI, but not the genes reg-
ulated by IRF5 (Fig. 5A). Consistent with a previous study (39), we
also showed that XAF1 interacted with IRF1 (Fig. 3A), suggesting
that XAF1 directly regulates IRF1 activity. However, we observed
no physical interaction between IRF3 and XAF1 (Fig. 3A), suggest-
ing that XAF1 indirectly regulates IRF3-mediated transcription. A
recent study reported that IRF1 regulated chromatin accessibility to
help IRF3-driven transcription of IFNBI (23). Nonetheless, we
further confirmed that XAF1 specifically interacted with IRF1,
but not any other IRFs (IRF2 to IRF9), by colP (Fig. 5B). Earlier
studies have shown that overexpression of XAF1 can increase the
protein level of IRF1 by reducing the degradation of IRF1 (39);
however, we did not observe a difference in the protein level of
IRF1 in XAF1~'~ HT-29 cells (Fig. 5C), indicating that XAF1 pro-
motes IRF1 activity by a different mechanism.

Next, we compared the relative contribution of XAF1, IRF1, and
IRF3 to IFNBI expression during RNA virus infection. The IFNBI
levels were progressively decreased in XAF1~'~, IRFI™'~, and
IRF3™'~ HT-29 cells (Fig. 5D). Moreover, we examined the
timing of IRF1 and IRF3 nuclear translocation during viral infec-
tion. IRF1 was present in small amounts in the nucleus of resting
cells (0 hour) and rapidly entered the nucleus following either
DNA or RNA virus treatment as early as 1 hour after infection
(Fig. 5E), while IRF3 was only detected in the nucleus at 4 hours
and later (Fig. 5F). XAF1 and IRF1 entered the nucleus at the
same time and both earlier than IRF3 (Fig. 5G). Moreover, we
ruled out the possibility that the entry of XAF1 and IRFI1 into the
nucleus is reliant on each other. The deficiency of IRF1 or XAF1 did
not affect nuclear translocation of each other (fig. S5, C and D). In
addition, quantitative polymerase chain reaction (qQPCR) confirmed
that the expression of IRF1-regulated genes was decreased in
XAFI1™'~ HT-29 cells compared with WT cells with or without
VSV infection (Fig. 5H). The expression of IRF3-regulated genes
was also significantly down-regulated in XAF1~'~ and in IRF1~'~
HT-29 cells (fig. S5E), in agreement with a recent report showing
that IRF1 regulated chromatin accessibility to aid IRF3-driven tran-
scription (23). All together, these suggested that XAF1 promotes
IRF1-mediated transcription directly and IRF3-driven transcription
via IRF1.

Kuang et al., Sci. Adv. 9, eadg5211 (2023) 18 August 2023

XAF1 facilitates the immune responses by

inhibiting TRIM28

To clarify the molecular mechanism by which XAF1 promotes an-
tiviral gene transcription in the nucleus, we performed co-immuno-
precipitating with nuclear extracts and mass spectrometry to
identify XAF1-interacting proteins in the nucleus (Fig. 6A and
fig. S6A). A total of 190 proteins were identified as potential
XAF1I interactors (table S3). GO analysis showed that these proteins
were predominantly enriched in the processes of chromatin remod-
eling (Fig. 6B), suggesting that XAF1 might be involved in chroma-
tin remodeling during viral infection. Among these proteins,
TRIM28 was identified as a strong XAF1-binding partner
(Fig. 6B). It is known that TRIM28 is a highly SUMOylated
protein and recruits the histone methyltransferase SETDBI in a
SUMO-dependent manner. SETDB1 then creates repressive
histone marks that recruit HP1 to induce DNA heterochromatini-
zation and TE repression (26). The interaction between endogenous
XAF1 and TRIM28 was confirmed by colP (Fig. 6C). Further im-
munoprecipitation assays with truncated proteins showed that the
plant homeodomain (PHD) and bromodomain (BROMO) domain
(corresponding to 625 to 835 amino acids) of TRIM28 interacted
with the ZF7 motif (173 to 301 amino acids) of XAF1 (Fig. 6, D
and E, and fig. S6B). Consistently, the mutant XAF1 without the
ZF7 motif was not able to enhance IFNBI expression during VSV
infection (Fig. 6F).

Next, we knocked out TRIM28 from HT-29 cells and examined
whether it was involved in regulating antiviral immunity. Defi-
ciency of TRIM28 significantly enhanced the induction of IFNBI
by virus infection (Fig. 6G). The PHD domain of TRIM28 has E3
ligase activity and is essential for intramolecular SUMOylation of
TRIM28. We thus constructed truncated TRIM28 lacking the
PHD domain (TRIM28 1 to 625). We overexpressed full length
(TRIM28 FL) and TRIM28 1 to 625 in HEK293 cells. TRIM28 FL
but not the truncated form apparently inhibited the expression of
IRF1-, IRF3-, or nuclear factor kB (NF-«kB)-directed genes during
VSV infection (Fig. 6H). Accordingly, chromatin immunoprecipi-
tation (ChIP)-qPCR showed that the chromatin accessibility of
those immune genes was suppressed by TRIM28 FL but not
TRIM28 1 to 625 (fig. S6C). These data suggested that self-SUMOy-
lation of TRIM28 was required for suppressing antiviral gene tran-
scription. Overexpression of XAF1 was able to offset the inhibitory
effect of TRIM28 overexpression on IRF1- or IRF3-directed gene
transcription but had no effect on NF-kB—directed gene transcrip-
tion (Fig. 6H), which was in line with the results in mice (Fig. 2).
Consistently, the suppression of the chromatin accessibility of
IRF1/IRF3-targeted genes by TRIM28 was relieved by XAFI over-
expression (fig. S6C). On the other hand, the overexpression or
knockout of XAF1 did not change IFNBI expression in TRIM28-
deficient cells during RNA/DNA virus infection, suggesting that
TRIM28 functions downstream of XAF1 (fig. S6, D to G). These
data showed that XAF1 promotes IRF1- and IRF3-regulated genes
expression by inhibiting TRIM28.

XAF1 is recruited by IRF1 to inhibit TRIM28

The above results showed that XAF1 interacted with IRF1 and
TRIM28 (Figs. 5B and 6C). Notably, both TRIM28 and IRF1 are
involved in regulating chromatin compaction and accessibility
(23, 26). To explore whether XAF1 specifically regulates the expres-
sion of IRF1- and IRF3-regulated genes through chromatin
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IRF1/tubulin

Fig. 5. XAF1 is required for induction of IRF1- and IRF3- target genes. (A) Analysis of IRF1-, IRF3-, and IRF5-regulated gene expression levels in WT and XAF1~/~ HT-29
cells from RNA-seq data. (B) colP assay analysis of the interaction between XAF1 and IRF1, IRF2, IRF3, IRF4, IRF5, IRF6, IRF7, IRF8, and IRF9. (C) Western blot showed protein
level of endogenous IRF1 in WT and XAF1~/~ HT-29 cells. (D) qRT-PCR analysis of IFNB1 after NT or after stimulation with VSV for 12 hours in WT, XAF1~'~, IRF1~/~, and
IRF3~/~ HT-29 cells. (E and F) Cytoplasmic and nuclear fractions were isolated, and then, the time course of changes in (E) IRF1 levels and (F) IRF3 levels in each fraction
after VSV, SeV, and HSV-1 infection in HT-29 cells was tracked by Western blotting analysis. The relative expression of IRF1 and IRF3 (relative to GAPDH or LMNA) curve
shows its dynamic changes in the cytoplasm and nucleus. (G) Relative expression of XAF1, IRF1 and IRF3 (relative to GAPDH or LMNA) curve shows its dynamic changes in
the cytoplasm and nucleus after VSV infection in HT-29 cells. (H) qRT-PCR analysis of BST2, RNASEL, OAS2, and DDX60 after NT or after stimulation with VSV for 12 hours in
WT and XAF1~/~ HT-29 cells. Data are means + SEM (n = 3) from three independent experiments. *P < 0.05 and **P < 0.01, and ***P < 0.001 [Student's t test (A), (D), and
(H)]. Data are representative of two (A) or three [(B) to (H)] independent experiments with similar results. RPKM, reads per kilobase per million mapped reads; HA,

hemagglutinin.
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Fig. 6. XAF1 facilitates the immune responses by inhibiting TRIM28. (A) A flow chart depicting the process colP experiments and mass spectrometry to detect
proteins interacting with XAF1 in the nucleus. (B) GO analysis of the up-regulated proteins immunoprecipitated by XAF1 after VSV infection. Proteins about chromatin
remodeling processes were listed. TRIM28 was identified as an XAF1-interacting protein. (C) colP assay analysis of the interaction between XAF1 and TRIM28. (D and E)
colP assay analysis shows the protein interaction domains between XAF1 and TRIM28. (F) HEK293T cells were transfected with the indicated Vector FL-XAF1 and ZF7-
deletion-XAF1 plasmids for 24 hours. After 12 hours of VSV infection, qRT-PCR analyses of IFNB1T mRNA (top) and VSVG mRNA (bottom) were performed. (G) gRT-PCR
analysis of IFNBT after NT or after stimulation with SeV, VSV, or HSV-1 for 12 hours in WT and WT + TRIM28 sgRNA HT-29 cells. (H) gRT-PCR analysis of IRF1-, IRF3-, and NF-
KB-regulated genes after NT or after stimulation with VSV for 12 hours in HEK293T cells transiently transfected with Vector, TRIM28 FL, TRIM28 1 to 625, TRIM28 FL + XAF1.
Data are means + SEM (n = 3) from three independent experiments. *P < 0.05 [Student's t test (F) to (H)]. Data are representative of three [(C) to (H)] independent
experiments with similar results.
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remodeling, we performed a ChIP-seq analysis with an H3 lysine 27
acetylation (H3K27ac) antibody in WT and XAF1 knockout cells.
XAFI deficiency led to an extensive decrease in chromatin accessi-
bility at the promoter (<1 kb) at 3 hours after VSV infection (fig.
S7A). BST2, OAS2, DDX60, and RNASEL encode important antivi-
ral effectors transcriptionally regulated by IRF1. ARG2, IFIT1I,
CXCL10, and IL15 encode important antiviral effectors directed
by IRF3. The virus-induced chromatin accessibility of these genes
was significantly decreased in XAF1~'~ HT-29 cells compared
with WT HT-29 cells (fig. S7B). ATAC-seq (assay for transposase-
accessible chromatin using sequencing) analysis confirmed the
above results (fig. S7B). In summary, these data demonstrated
that XAF1 regulates the expression of IRF1- and IRF3-regulated
genes by facilitating chromatin accessibility.

To more clearly determine how XAF1 regulates the chromatin
openness through TRIM28, we examined SUMOylation of
TRIM28 in WT and XAF1-deficient cells. The endogenous
SUMO?2/3 but not SUMOL1 of TRIM28 decreased after VSV infec-
tion in WT cells (Fig. 7A). However, SUMO2/3-TRIM28 was con-
stitutively increased in XAF1 ™'~ compared to WT HT-29 cells
before and after VSV infection (Fig. 7A). Intriguingly, knocking
out XAF1 did not increase SUMO2/3-TRIM28 levels under HSV-
1 infection conditions (Fig. 7B). Conversely, XAF1 overexpression
decreased SUMO2/3-TRIM28 levels in HEK293T cells (Fig. 7C).
S252A mutation did not affect the interaction between XAFI and
TRIM28 (fig. S7C). Either S252A mutant or ZF7-deleted XAF1
(which lost its interaction with TRIM28) was not able to reduce
SUMO2/3 of TRIM28 (Fig. 7D).

In addition to IRF1/3-driven transcription, de-SUMOylation of
TRIM28 was shown to unleash transcription of TEs and endoge-
nous retroviruses (ERVs) (26, 27, 40). ERVs could directly activate
RLR signaling and subsequent IFN responses (41). Schmidt et al.
(27) found that influenza virus—triggered de-SUMOylation of
TRIM28 increased the ERVs RNA abundance, leading to enhanced
antiviral immunity. Therefore, we examined the expression of TEs
and ERVs in WT and XAF1-deficient cells. TEs and ERV's expres-
sion was induced by VSV infection in WT cells; however, this was
severely impaired by deficiency of XAF1 (Fig. 7E and fig. S7D).
These results suggested that XAF1 may also contribute to antiviral
immunity via the TRIM28-ERV-RLR axis. Moreover, it is known
that newly synthetized RN A was able to bind to and activate scaffold
attachment factor A (SAFA; also named HNRNPU) (25, 42). The
activated SAFA increased the accessibility of chromatin and pro-
moted induction of antiviral genes (24, 25). SAFA could recognize
the stem loop structure of both viral RNA and newly synthetized
host RNA and promoted opening of chromatin. Therefore, the
newly synthetized ERV's also might be able to bind to and activate
SAFA to promote opening of chromatin. To examine this mecha-
nism, we overexpressed XAF1 and then treated cells with a-amani-
tin to inhibit RNA synthesis (42). Overexpression of XAF1
increased the opening of chromatin, which was completely offset
by a-amanitin (fig. S7E). We previously found that TOP1 and
SMARCAS5 could facilitate the activation of SAFA and opening of
chromatin (24). XAF1 failed to enhance antiviral responses after
treatment with TOP1 inhibitor or SMARCAS5 knockout (fig. S7F).
Thus, newly synthesized RNA-SAFA axis was required for promot-
ing opening of chromatin by XAFI.

To explore how XAF1 cooperates with TRIM28 and IRFI, we
examined the interaction between XAF1 and TRIM28 in WT and
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IRF1™'~ HT-29 cells with or without VSV infection. In WT cells,
the interaction between XAF1 and TRIM28 increased after VSV in-
fection; this phenomenon was not significant in IRFI~'~ HT-29
cells (Fig. 7F). Moreover, we performed ChIP-qPCR with hemag-
glutinin (HA) and H3K27ac antibodies in WT and IRFI ~/= HT-
29 cells with or without VSV infection. Consistently, IRF1 defi-
ciency decreased the occupancy of XAF1 and H3K27ac at the
ISGs regulated by IRF1 or IRF3 (Fig. 7, G and H). Together, these
results suggested that XAF1 is recruited by IRF1 to inhibit SUMOy-
lation of TRIM28, thus lifting TRIM28-imposed transcriptional
brake on the IRF1/IRF3 target genes.

DISCUSSION

The RLR-MAVS axis is critical for sensing invading RNA viruses
and eliciting a rapid innate immune response. MAVS signaling
not only rapidly induces antiviral ISGs via IRF1 at the very early
stage of viral infection but also sustains ISGs expression via IRF3/
7 at later stages (16, 43). However, the mechanisms governing the
tightly controlled early and late innate antiviral responses remain to
be fully understood. The genome of metazoans is highly organized
and packaged with histones to form chromatin. In metazoan cells,
the initiation of a gene transcription requires the opening of chro-
matin and then binding of the transcription factors to its promoter.
We previously found that the nuclear matrix protein SAFA remod-
els chromatin structure through oligomerization with chromatin-
associated RNAs for antiviral response (25). In addition, a recent
study reported that IRF1 regulates chromatin accessibility to
promote IFNBI transcription by IRF3 (23). Although these
studies have proven to a certain extent that the transcription of an-
tiviral genes requires prior chromatin opening, the molecular mech-
anisms are largely unknown. In this study, we report that XAF1-
IRF1 promotes chromatin accessibility of IRF1/3-regulated genes
by inhibiting TRIM28 SUMOylation, and this axis coordinates
early and late innate antiviral responses.

Most previous studies have shown that XAF1 functions as a
tumor suppressor by promoting apoptosis (30-32). Hypermethyla-
tion of XAFI gene in a variety of human malignancies leads to low
expression of XAF1, which exacerbates the malignant progression of
cancers. Thus, delivery of XAFI becomes a way to inhibit tumor de-
velopment (44, 45). Here, we identified XAF1 as a MAVS interacting
protein by proximity-based labeling screening (Fig. 1A). coIP ex-
periments and yeast two-hybrid experiments (Fig. 3, A and G)
showed that XAF1 directly interacted with MAVS. Then, we re-
vealed a critical role of XAFI in antiviral signaling and control of
RNA virus replication. Mechanistically, upon RNA virus but not
DNA virus infection, MAVS recruits XAF1 and TBKI1. Then,
TBK1 phosphorylates XAF1 at serine-252 to facilitate its transloca-
tion from the cytoplasm to the nucleus at the very early stage of viral
infection (Fig. 4, C to H). The timing of nuclear translocation of
XAF1 after RNA virus infection is similar to that of IRF1 and
earlier than that of IRF3 (Fig. 5G). After entering the nucleus,
under the guidance of IRF1, phosphorylated XAF1 specifically
opens IRF1-targeted chromatin by blocking the SUMOylation of
the chromatin repressor TRIM28 in the nucleus (Fig. 7B), and it
promotes the expression of IRF1- and IRF3-regulated antiviral
genes (Fig. 5A and fig. S5, A and B).

Our study further suggests that XAF1 promotes IRF1-induced,
IFN-independent early immune responses and modulates
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Fig. 7. XAF1 is recruited by IRF1 to inhibit TRIM28. (A) Effects of XAF1 deficiency on endogenous SUMOylation of TRIM28 with or without VSV for 6 hours. (B) Effects of
XAF1 deficiency on endogenous SUMOylation of TRIM28 with or without HSV-1 for 6 hours. (C) Western blotting showing the SUMOylation of TRIM28 in HEK293T cells
transfected with Vector or XAF1 for 24 hours. (D) Western blotting showing endogenous SUMOylation of TRIM28 in HEK293T cells transfected with Vector, WT-XAF1,
S252A-XAF1, or ZF7-deletion-XAF1 for 24 hours. (E) All up-regulated transposons and ERVs after VSV infection in WT HT-29 cells form RNA-seq were showed. Then, these
transposons and ERVs change after VSV infection in XAF1—/— HT-29 were also showed. (F) colP assay analysis of the interaction between XAF1 and TRIM28 in WT HT-29
cells compared with [RF1~/~ HT-29 cells with or without VSV infection. (G and H) WT and /RF1~/~ HT-29 cells transfected with HA-XAF 1 were NT or infected VSV for 3 hours,
and ChlIP-gPCR signal showing HA-XAF1 (G) or H3K27Ac (H) occupancy of indicated genes. Data are means + SEM (n = 3) from three independent experiments. *P < 0.05
[Student's t test (F) to (H)]. Data are representative of three [(A) to (G)] independent experiments with similar results. H3K27ac, H3 lysine 27 acetylation.
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chromatin openness around IRF1 immediately after viral infection.
This will also facilitate IRF3 access to its target genes and trigger an
IFN-dependent antiviral immune response (Fig. 8). TRIM28 is self-
SUMOylated in resting cells, which acts as an epigenetic corepressor
protein. It has been reported that viral infection results in de-SU-
MOylation of TRIM28. However, the mechanism by which
TRIM28 is de-SUMOylated is currently unclear. We here found
that XAF1 can reduce TRIM28 SUMOylation.

Nuclear translocation of XAF1 was observed at very early stage of
infection with RNA virus but not DNA virus (Fig. 4C). However,
XAF1 entered the nucleus at the late stage during infection with
both RNA and DNA viruses (Fig. 4C). Although viral RNA and
DNA sensing generally rely on diverse receptors and adaptors, the
cross-talk between DNA and RNA sensing is gradually appreciated
(46). For example, it has been reported that RIG-I mediated detec-
tion of DNA viruses via RNA Pol III (43). Hence, we here speculate
that viral RNA transcribed by DNA viruses during replication can
activate RNA sensing pathways and promote the translocation of
XAFI1. As XAF1 is dispensable for antiviral responses against
DNA virus, the later nuclear accumulation of XAF1 might not be
associated with antiviral immunity directly. Moreover, the differ-
ences in early nuclear translocation resulted in differences in the
phenotypes against RNA but not DNA viruses in vitro and in
vivo (Figs. 1, C and D, and 2B, and fig. S2A). Moreover, knockout

RNA virus

-

Repressed
Su> @
(s0)

.’( ' Derepressed

of MAVS or TBK1 only abolished the early nuclear translocation of
XAF1 from 0 to 3 hours. Nuclear translocation of XAF1 after 3
hours is independent of MAVS or TBK1. Notably, the role of
XAFI translocation to the nucleus independent of MAVS and
TBK1 remains unknown and needs to be further explored.

Together, our results provide insights into the communication
between IRF1-mediated IFN-independent and IRF3-mediated
IFN-dependent antiviral immune responses. XAF1 reprograms spe-
cific chromatin regulation and regulates antiviral gene expression
during RNA virus infection.

MATERIALS AND METHODS

Cells culture

HT-29, THP-1, HEK293T, HeLa, A549, HepG2, and Vero cells were
purchased from American Type Culture Collection (ATCC).
2fTGH-ISRE (human fibrosarcoma cells expressing an ISRE-
driven luciferase reporter) was generated by stabilizing the ISRE-lu-
ciferase plasmid in 2fTGH. PMs were isolated from the peritoneal
cavity of thioglycolate (TG)—elicited mice. BMDMs were isolated
from femurs and tibiae of 8- to 12-week-old mice and stimulated
with granulocyte-macrophage colony-stimulating factor (GM-
CSF) for 7 days. Cells were cultured in Dulbecco’s modified
Eagle's medium (DMEM) (HEK293T, HeLa, A549, HepG2, Vero,
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Fig. 8. Model: XAF1 promotes innate immune response against RNA viruses by regulating chromatin accessibility. Upon RNA virus infection, XAF1 is recruited by
MAVS and then phosphorylated by TBK1 at serine-252, which initiates its translocation from the cytoplasm to the nucleus. XAF1 then interacted with IRF1 and specifically
liberated the IRF1-targeted chromatin by blocking the SUMOylation of the chromatin repressor TRIM28. This results in the desuppression of chromatin to enhance the
transcription of IRF1-regulated innate immune genes to initiate IFN-independent innate immune responses. On the other hand, XAF1 and IRF1 promotes opening of
chromatin targeted by IRF3 to initiate an IFN-dependent innate immune response.
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2fTGH-ISRE, PMs, and BMDMs) or RPMI 1640 (HT-29, THP-1)
supplemented with 10% fetal bovine serum (FBS) and penicillin-
streptomycin (100 U/ml).

Reagents and antibodies

Rabbit antibodies against human XAF1 (catalog no. 13805,
RRID:AB_2798317), RIG-I (D14G6) (catalog no. 3743,
RRID:AB_2269233), MDAS5(D74E7) (catalog no. 5321,
RRID:AB_10694490), TBKI1(D1B4) (catalog no. 3504,
RRID:AB_2255663), p-TBK1 Ser'’? (catalog no. 5483,
RRID:AB_10693472), IKKe (catalog no. 3416,
RRID:AB_1264180), and IRF3 (D6I4C) (catalog no. 11904,

RRID:AB_2722521) were obtained from Cell Signaling Technology.
Rabbit antibodies against MAVS (catalog no. CL488-14341,
RRID:AB_2883082), IRF1  (catalog no. CL488-11335,
RRID:AB_2919026), Lamin A/C (catalog no. 10298-1-AP,

RRID:AB_2296961), KAP1 (catalog  no. 15202-1-AP,
RRID:AB_2209890), SUMO1 (catalog no. 10329-1-AP,
RRID:AB_2286872), SUMO2/3 (catalog no. 11251-1-AP,
RRID:AB_2198405), LaminB (catalog no. 66095-1-Ig,

RRID:AB_11232208), and mouse antibodies against glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (catalog no. HRP-
60004, RRID:AB_2737588) were purchased from Proteintech.
Rabbit antibodies against tubulin (catalog no. AF7011, RRID:
AB_2827688) was purchased from Affinity. Mouse antibodies
against DDDDK (catalog no. M185-11, RRID: AB_2716804) and
Rabbit antibodies against DDDDK (catalog no. PM020, RRID:
AB_591224) were purchased from MBL. Rabbit antibodies against
Histone H3 (acetyl K27) (catalog no. ab4729, RRID: AB_2118291)
was purchased from Abcam. Goat anti-mouse immunoglobulin G
(IgG) (H+L) highly cross-adsorbed secondary antibody (catalog no.
A32727, RRID: AB_263327) was purchased from Thermo Fisher
Scientific. Poly(I:C) HMW (tlrl-pic) and poly(I:C) LMW (tlrl-
picw) were purchased from InvivoGen. 3x FLAG peptide (F4799)
and agarose type I (A6013-10G) were purchased from Sigma-
Aldrich. Pierce Protein A/G Agarose (20422) was purchased from
Thermo Fisher Scientific. Recombinant Murine GM-CSF (AF-315-
03) was purchased from PeproTech.

Expression plasmid construction

Human cDNAs encoding XAF1, STING, cGAS, TBK1, IRF1, IRF2,
IRF3, IRF4, IRF5, IRF6, IRF7, IRE8, IRF9, TBKI1 truncation
mutants, and XAF1 truncation mutants were cloned into
PCMV7.1. Human cDNAs encoding N-RIG-I, MAVS, MAVS-
TurboID, RIG-I, and MDAS5 were cloned into PCMV14. Human
c¢DNAs encoding XAF1 and TRIM28 truncation mutants were
cloned into PLVX. pKH3-TRIM28, porcine cytomegalovirus—VSV
glycoprotein (pCMV-VSVG), and psPAX2 were purchased
from Addgene.

CRISPR-Cas9 system

MAVS™'~, XAF1~'~, TBK1~'~, IRF1~'~, IRF37'~ XIAP*'~, and
TRIM28*'~ HT-29 cells as well as XAF1~'~ THP-1 cells were con-
structed by the CRISPR-Cas9 system. Specific guide RNA was
ligated into the Bsm BI restriction site of the inducible lentiviral
vector (lentiGuide-Puro). Lentivirus particles were produced by co-
transfecting HEK293T cells with packaging plasmids psPAX2 (800
ng; Addgene 12260), pCMV-VSVG (800 ng; Addgene 8454), and
guide RNA plasmids (2 pg). The medium was changed to fresh
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DMEM containing 10% FBS at 12 hours after transfection, and
viral supernatants were collected at 48 hours. The viral supernatants
were used to infect target cells. Infected cells were cultured for 48
hours and then screened by puromycin (2 to 10 pg/ml), and each
monoclone was confirmed by sequencing or immunoblot analysis.
Cells were negative for mycoplasma. The primers used in this article
were listed in the table S4.

Viruses

VSV (Indiana strain) was a gift from J. Rose (Yale University), IAV
(PR3 strain) was from F. Qian (Fudan University), HSV-1 (17
strain) was from Z. Jiang (Peking University), and SeV (Cantell
strain; VR-907) was purchased from ATCC. The multiplicity of in-
fection (MOI) of the cell culture experiments: 0.1 MOI for VSV, 0.5
MOI for HSV-1, and 0.1 MOI for SeV in all of the figures. The an-
tibodies were diluted 1000 times for immunoblots.

Mice and in vivo virus infection

All animal care and use adhered to the Guide for the Care and Use
of Laboratory Animals of the Chinese Association for Laboratory
Animal Science. All animal handling procedures were approved
by the Animal Care Committee of Peking University Health
Science Center (permit number LA 2016240).

Xaf1™'~ mice on a C57BL/6] background were purchased from
Cyagen Biosciences Inc. WT C57BL/6] mice were purchased from
the Department of Laboratory Animal Science of Peking University
Health Science Center. All animals were guaranteed adequate clean
water and nutritious feed. The primer used is mouse XafI (forward:
5-GATGGAATGGGTTGGCAGCGTTC-3'; reverse: 5'-
CTCCTTGCACACTCATGGGATTG-3').

Age- and sex-matched C57BL/6 littermates were produced and
used in all the in vivo experiments. Eight-week-old mice were in-
fected with HSV-1 at 5 x 10° or VSV at 1 x 10° plaque-forming
units (PFU) per mouse by intravenous injection. Eight-week-old
mice were intranasally infected with TAV at a dosage of 10’
TCIDs, (median tissue culture infectious dose). Mice were eutha-
nized 5 to 6 days after infection. Cytokines were detected in the
brains and blood collected at days 0 and 1 after infection.
Genome copy number was measured in organs harvested 4 to 5
days after infection.

Constructs

Expression constructs generated for this study were prepared by
standard molecular biology techniques, and coding sequences
were entirely verified. All truncation deletions and mutants were
constructed by standard molecular biology techniques. Each trun-
cation, deletion, and mutant were confirmed by sequencing.

Biotin labeling in living cells

Biotin labeling in living cells was conducted as previously described
(37). HT-29 cells were plated in 10-cm dishes at 70% confluency and
then transfected with MAVS TurbolD. After 6 hours of transfection,
the culture medium was changed. After 24 hours of transfection,
biotin was added at a final concentration of 500 uM for 10 min
before harvesting the cells. After gently shaking the cell culture
dish for 1 min, the medium was removed, and the cells were
washed three times with ice-cold phosphate-buffered saline (PBS).
Cells were scraped and transferred to 1.5-ml tubes with ice-cold
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PBS, spun at 3600 rpm for 5 min, flash-frozen in liquid nitrogen,
and stored at —80°C.

Streptavidin magnetic beads enrichment of biotinylated
proteins

Cell pellets as described above were lysed in radioimmunoprecipi-
tation assay (RIPA) lysis buffer [0.1% SDS, 0.5% sodium deoxycho-
late, 150 mM NacCl, 50 mM tris, protease inhibitor cocktail (C0001,
TargetMol), 1% Triton X-100, and 1 mM phenylmethylsulfonyl
fluoride (PMSF)] at 4°C for 40 min. The lysates were cleared by cen-
trifugation at 12,000¢ for 10 min at 4°C. Fifty microliters of each
lysate supernatant was reserved for detection of biotinylation activ-
ity by Western blotting. Streptavidin magnetic beads were washed
twice with RIPA lysis buffer and then mixed with lysate supernatant
together with rotation overnight at 4°C. On day 2, the beads were
subsequently washed twice with 1 ml of RIPA lysis buffer, once with
1 ml of 1 M KClI, once with 1 ml of 0.1 M Na,CO3, and 1 ml of 2 M
urea in 10 mM tris-HCI (pH 8.0). Last, biotinylated proteins were
eluted by boiling the beads in 150 ul of elution buffer [55 mM (pH
8.0) tris-HCI, 0.1% SDS, 6.66 mM dithiothreitol (DTT), and 0.66
mM biotin] for 10 min and sent for mass spectrometry.

Luciferase reporter assay

HEK293T cells seeded on 24-well plates were transiently transfected
with 50 ng of the pRL-TK reporter (herpes simplex virus thymidine
kinase promoter driving renilla luciferase; internal control) and 50
ng of luciferase reporter driven by promoters of genes encoding
IFN-B (firefly luciferase; experimental reporter) together with
equal amounts of various expression plasmids or empty control
plasmids. Then, 24 hours later, without or with virus stimulation,
reporter gene activity was analyzed using the Dual-Luciferase Re-
porter 1000 Assay System (Promega) and measured with a TD-
20/20 Luminometer (Turner Designs) according to the manufac-
turer’s instructions. Data were normalized for transfection efficien-
cy by division of firefly luciferase activity by that of Renilla
luciferase.

Type | IFN bioassay

The activity of type I IFN was measured as described (47), with ref-
erence to recombinant human IFN-B (R&D Systems) as a standard
with 2fTGH cells (for human assays) stably transfected with an IFN-
sensitive (ISRE) luciferase construct.

Plaque assay

The viral titer from the cell culture medium was determined by
plaque-forming assay as previously described (48). Briefly, virus-
containing medium was harvested and serially diluted to infect con-
fluent Vero cells cultured in 24-well plates. After a 1-hour incuba-
tion, the supernatants were removed, and the cells were washed
twice with PBS. Culture medium containing 2% (w/v) methylcellu-
lose was overlaid for 24 hours with VSV and 48 hours with HSV-1.
Then, the overlay was removed, and the cells were fixed with 0.5%
(v/v) glutaraldehyde for 30 min and stained with 1% (w/v) crystal
violet dissolved in 70% ethanol for 30 min. After washing twice with
ddH,0, plaques were counted, and average counts were multiplied
by the dilution factor to determine the viral titer as PFU per milli-
liter (PFU/ml).
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Quantitative real-time PCR

Total RNA was isolated from the tissues and cells by TRIzol reagent
(TTANGEN Biotech, DP424). Gel electrophoresis and a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE) were applied to determine the quality and quantity of total
RNA. Then, cDNA was conducted from the prepared RNA (600
ng) using the HiScript III First Strand ¢cDNA Synthesis Kit
(Vazyme Biotech, R312-02). Quantitative real-time PCR (qRT-
PCR) was performed using Applied Biosystems 7500 Real-Time
PCR Systems with SYBR qPCR Master mix (Yeasen, catalog no.
11201-11205). The qRT-PCR data were analyzed by the Livak
method (2—AACt). B-Actin was used as a reference gene. The
primers for qRT-PCR are listed in table S4.

Whole-genome RNA-seq

Whole-genome RNA-seq was conducted as previously described
(49). Total RNA of cells with specific treatment was purified
using the RNeasy Mini Kit (QIAGEN, no. 74104). The
transcriptome library for sequencing was generated using the
VAHTSTM mRNA-seq v2 Library Prep Kit for Illumina (Vazyme
Biotech Co. Ltd., Nanjing, China) following the manufacturer'’s
recommendations. After clustering, the libraries were sequenced
on an Illumina HiSeq X Ten platform using the [2 x 150
base pair (bp)] paired-end module. The raw images were
transformed into raw reads by base calling using bcl2fastq Conver-
sion Software (CASAVA) (http://pre-support.illumina.com.cn/
sequencing/sequencing_software/bcl2fastq-conversion-software.
html). Then, raw reads in fastq format were first processed using
in-house perl scripts. Clean reads were obtained by removing reads
with adapters, reads in which unknown bases were more than
5% and low-quality reads (the percentage of low-quality bases
was over 50% in a read, we defined the low-quality base to be the
base whose sequencing quality was no more than 10). At the
same time, the Q20, Q30, and GC contents of the clean data were
calculated (Vazyme Biotech Co., Ltd., Nanjing, China). The original
RNA-seq data was uploaded to the Gene Expression Omnibus
(GEO) datasets under accession number GES220273 and
GSE220274.

colP assay

HT-29 cells, with or without the indicated virus infection, were
lysed in lysis buffer [0.5% Triton X-100, 20 mM Hepes (pH 7.4),
150 mM NaCl, 12.5 mM B-glycerolphosphate, 1.5 mM MgCl,, 2
mM EGTA, 10 mM NaF, 1 mM Na;VO,, and 2 mM DTT] contain-
ing protease inhibitors. Lysates were centrifuged and incubated with
control IgG or specific antibodies (anti-XAF1, anti-HA, or anti-Flag
antibodies) at 4°C overnight. The next day, prewashed protein A/G
beads (RIPA) were added and incubated at 4°C for 4 hours. The
beads were washed with cold PBS four times and eluted with
DTT-containing SDS sample buffer by boiling for 10 min for
Western blotting (49).

Yeast two-hybrid experiment

According to protocols recommended by the manufacturer (Clon-
tech), the cDNA fragment of MAVS was cloned into the PACT2
vector. The ¢cDNA fragment of XAF1 was cloned into the
pGBKT7 vector. Then, the PACT2 vector with MAVS and
pGBKT7-XAF1 were transformed into yeast. Yeasts were grown
on SD/-Leu, SD/-Trp, SD/-His/-Trp, and SD/—Ade/-Trp selection
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media. After mating pGBKT7-XAF1 with PACT2-MAVS, these
diploid cells containing both plasmids were cultured on SD/-Leu/
—Trp and SD/-Ade/-His/~Leu/~Trp media. Then, the interaction
between bait and prey proteins was evaluated.

Nuclear-cytoplasmic fractionation

Cells were washed with ice-cold PBS, lysed in 200 pl of hypotonic
buffer [10 mM Hepes (pH 7.4), 10 mM KCl, 1.5 mM MgCl,, and 0.5
mM 2-Mercaptoethanol (ME) supplemented with a protease inhib-
itor tablet (Roche)], and incubated on ice for 10 min. Then, 10%
NP-40 was added until the final concentration was 0.2%. The
lysate was incubated on ice for 2 min and immediately centrifuged
at 720g for 5 min at 4°C. The pellets were saved as nuclei (Nuc). The
supernatants were further centrifuged at 3000g for 10 min to obtain
the membrane fraction (Cyt).

Semi-denaturing detergent agarose gel electrophoresis
SDD-AGE was conducted as previously described (37). Cells were
lysed with 100 pl of precooled lysis buffer (0.5% Triton X-100, 50
mM tris, 150 mM NaCl, 10% glycerol, and proteinase cocktail
and phosphatase cocktail) on ice for 40 min. Supernatants were col-
lected by centrifugation at 13,000 rpm for 10 min at 4°C. Protein-
loading buffer (without f-ME) was added to the supernatants and
loaded onto a 1.5% agarose gel, vertical agarose electrophoresis was
performed for 35 min with a constant voltage of 100 V on ice, and a
standard Western blotting procedure was followed.

Native PAGE

Cell pellets as described above were lysed in RIPA lysis buffer [0.1%
SDS, 0.5% sodium deoxycholate, 150 mM NaCl, 50 mM tris, prote-
ase inhibitor cocktail (C0001, TargetMol), 1% Triton X-100, and 1
mM PMSF] at 4°C for 40 min. The lysates were cleared by centrifu-
gation at 12,000g for 10 min at 4°C. Native sample buffer [62.5 mM
tris-Cl (pH 6.8), 15% (v/v) glycerol, and 1% deoxycholate] was
added to the supernatants and loaded onto the gel. A 6 to 8%
native PAGE gel was used for native protein fractionation. The gel
was prerun with native running buffer [25 mM tris and 192 mM
glycine (pH 8.4)] with and without 1% (w/v) deoxycholate
(Sigma-Aldrich) in the cathode and anode chambers, respectively,
for 1 hour at 25 mA.

Mass spectrometry
To identify proteins that may interact with XAF1 and phosphoryla-
tion sites of XAF1, samples were sent for mass spectrometry.

ChIP-seq and ChIP-qPCR

ChIP was conducted as previously described (24). Approximately 5
x 107 pretreated cells were crosslinked with 1% formaldehyde at
room temperature for 10 min, and the reaction was quenched
with 0.125 M glycine for 5 min. The cells were washed twice with
PBS, scraped, and pelleted at 2500 rpm for 5 min at 4°C. After lysis
and sonication, the majority of the sonicated DNA fragments were
sheared to a size of approximately 200 to 600 bp. The sonicated
chromatin was spun down at 12,000 rpm for 10 min at 4°C to
collect the chromatin. Then, the soluble chromatin was incubated
with 3 mg of antibody, and the mixture was rotated at 4°C overnight.
After incubation, prewashed Protein G Dynabeads (Invitrogen,
10004d) were added and incubated for 4 hours at 4°C in a
rotator. Then, the magnetic Dynabeads were pelleted by placing
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the tubes in a magnetic rack and washed a total of five times:
once with wash buffer A [20 mM tris-HCI (pH 8.0), 500 mM
NaCl, 2 mM EDTA, 0.1% SDS, and 1% Triton X-100], once with
wash buffer B [10 mM tris-HCI (pH 8.0), 250 mM LiCl, 1 mM
EDTA, and 1% NP-40), and three times with wash buffer C [1
mM EDTA and 10 mM tris-HCI (pH 8.0)].

For sequencing, beads were resuspended in 100 ml of elution
buffer [50 mM tris-HCI (pH 8.0), 10 mM EDTA, and 1% SDS], fol-
lowed by incubation at 65°C overnight for reverse crosslinking.
DNA was purified from input and Lamin A antibody immunopre-
cipitation samples from WT and XAFI~'~ HT-29 cells treated with
or without VSV for 12 hours with the QIAEX II Gel Extraction Kit.
The extracted DNA was used for sequencing.

Reads from ChIP-seq experiments were aligned to the human
genome GRCh38 using annotated chromosomes and scaffolds.
Alignment was performed using bowtie 2. Regions with exception-
ally high coverage of ChIP-seq reads were identified using MACS2.
Wiggle files representing counts of ChIP-seq reads across the refer-
ence genome were created using MACS2. The resulting wiggle files
were normalized for sequencing depth by dividing the read counts
in each bin by the millions of mapped reads in each sample and were
visualized in the UCSC genome browser (The human genome
browser at UCSC, 2002) or WashU genome browser (The human
epigenome browser at Washington University, 2011) (50). The orig-
inal ChIP-seq data were uploaded to the GEO datasets under acces-
sion numbers GSE220272 and GSE220274.

For ChIP-qPCR, the library construction is the same as the
method in ChIP-seq. Then, the libraries were adapted for qRT-
PCR with specific primers. The primers used in this article were
listed in the table S4.

ATAC-seq

ATAC-seq was conducted as previously described (25). We pellet
50,000 viable sample cells at 500 Relative Centrifugal Force (RCF)
at 4°C for 5 min, aspirate all supernatant, and add 50 ul of cold
ATAC-resuspension buffer (RSB) containing 0.1% NP40, 0.1%
Tween 20, and 0.01% digitonin into the cell pellet and pipette up
and down three times and incubate on ice for 3 min. We wash
out lysis with 1 ml of cold ATAC-RSB containing 0.1% Tween 20
but no NP-40 or digitonin and invert tube three times to mix. We
pellet nuclei at 500 RCF for 10 min at 4°C, aspirate all supernatant,
resuspend cell pellet in 50 pl of transposition mixture [25 ul of 2x
TD buffer, 2.5 pl of transposase (100 nM final), 16.5 pl of PBS, 0.5 pl
of 1% digitonin, 0.5 ul of 10% Tween 20, and 5 pl of H,O] by pipett-
ing up and down six times, and incubate reaction at 37°C for 30 min.
Afterward, the DNA was purified with Magen DNA purify kit and
amplified with primers containing barcodes by using the TruePrep
DNA Library Prep Kit (TD501-01). Subsequent sequencing and
data analysis were handed over to GENEWIZ Biotechnology Co.,
LTD (Suzhou, China). Briefly, all libraries were adapted for high-
throughput sequencing (75-bp paired-end) on an Illumina
NextSeq 500. Raw sequencing data are collected. After filtering
data through sequencing data quality assessment, clean reads are
further obtained. After removing adapter sequences and low-
quality reads, high-quality reads are processed for further analysis.
The peak calling reads are mapped to the human genome and ac-
cessible chromatin regions, such as promoters, 3’ untranslated
region (3’'UTR) and 5'UTR). The data were first merged by the
“bedtools merge” tool (https://bedtools.readthedocs.io/en/latest/
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content/tools/merge.html). The original ATAC-seq data was up-
loaded to the GEO datasets under accession number GES225587.

Quantification and statistical analysis

The Mantel-Cox (log rank) test was used to determine statistical dif-
ference of survival curves. Other results were expressed as the means
+ SEM. Data were analyzed by ¢ test with Prism 7 software (Graph-
Pad Software, La Jolla, CA). For the Western blotting analysis,
Image] software was applied to quantify abundance. All the bar
graphs were visualized by Prism 7. Differences in means were con-
sidered statistically significant at P < 0.05. Significance levels are *P
< 0.05, **P < 0.01, and ***P < 0.001; NS, not significant.

Supplementary Materials
This PDF file includes:

Figs. S1to S7

Legends for tables S1 to S4
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