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ABSTRACT Type | and type Il IFNs are important immune modulators in both innate
and adaptive immunity. They transmit signaling by activating JAK-STAT pathways. Sirtuin
1 (SIRT1), a class Il NAD*-dependent deacetylase, has multiple functions in a variety
of physiological processes. Here, we characterized the novel functions of SIRT1 in the
regulation of type | and type Il IFN-induced signaling. Overexpression of SIRT1 inhibited
type | and type Il IFN-induced interferon-stimulated response element activation. In
contrast, knockout of SIRTT promoted type | and type Il IFN-induced expression of
ISGs and inhibited viral replication. Treatment with SIRT1 inhibitor EX527 had similar
positive effects. SIRT1 physically associated with STAT1 or STAT3, and this interaction was
enhanced by IFN stimulation or viral infection. By deacetylating STAT1 at K673 and STAT3
at K679/K685/K707/K709, SIRT1 downregulated the phosphorylation of STAT1 (Y701)
and STAT3 (Y705). Sirt1™~ primary peritoneal macrophages and Sirt7*~ mice exhibited
enhanced IFN-induced signaling and antiviral activity. Thus, SIRT1 is a novel negative
regulator of type | and type Il IFN-induced signaling through its deacetylase activity.

IMPORTANCE SIRT1 has been reported in the precise regulation of antiviral (RNA and
DNA) immunity. However, its functions in type | and type Il IFN-induced signaling are still
unclear. In this study, we deciphered the important functions of SIRT1 in both type I and
type Il IFN-induced JAK-STAT signaling and explored the potential acting mechanisms.
It is helpful for understanding the regulatory roles of SIRT1 at different levels of IFN
signaling. It also consolidates the notion that SIRT1 is an important target for interven-
tion in viral infection, inflammatory diseases, or even interferon-related therapies.
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ype | IFN (IFN-I; e.g., IFNa and IFNB) and type Il IFN (IFNy) have a wide range of

functions in both innate and adaptive immunity (1, 2). To initiate the signaling
cascade, IFN-I binds to IFN-I receptors (IFNAR1 and IFNAR2). The IFN-I receptor IFNAR1
or IFNAR2 is constitutively associated with the JAK family kinases, TYK2 or JAK1. When
IFN-I binds to the IFN-I receptors, it brings together TYK2 and JAK1, which phosphorylate
and activate each other, promoting the phosphorylation of STAT1 and STAT2. Phosphory-
lated STAT1, phosphorylated STAT2, and IRF9 form a complex called interferon-stimu-
lated gene factor 3 (ISGF3). ISGF3 then translocates into the nucleus and binds to
the interferon-stimulated response element (ISRE) to promote the transcription of a
series of interferon-stimulated genes (ISGs) (3). In addition to STATT and STAT2, type |
IFN signaling can activate other members of the STAT family, including STAT3, STAT4,
STAT5A/5B, or STAT6 under certain circumstances (4, 5).

IFNy, the member of type Il IFN, binds to IFNGR (IFNGR1 and IFNGR2) to initiate
the signaling cascade. Receptor binding facilitates phosphorylation of JAK1 and JAK2.
Activated JAK1/JAK2 then phosphorylates the IFNGR1 chain and recruits STAT1 to bind
to IFNGRT1. Following phosphorylation by JAK1/2, phosphorylated STAT1 then assembles
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into a homodimer, translocates to the nucleus, and binds to the y-interferon-activated
sequence region of the ISG promoters (3). In addition to STAT1, STAT3 is also activated by
IFNy treatment (6). Aberrantly activated type | and/or type Il IFN signaling pathways are
associated with excessive inflammation and the development of autoimmune diseases
(7-10). Therefore, both the type | IFN and type Il IFN signaling pathways are under strict
regulation to ensure that appropriate responses are elicited.

Acetylation is an important type of post-translational modification that is a reversible,
dynamic process mediated by lysine acetyltransferases and lysine deacetylases. Both
histone and non-histone proteins can be acetylated (11). Acetylation modification can
affect gene transcription, enzyme activity, protein stability, or subcellular localization of
the protein (12). It may crosstalk with other post-translational modifications, synergizing
or antagonizing them and then exerting the corresponding biological effects (13-17).
Acetylation and deacetylation have been documented to modulate type | or type
Il IFN-mediated signaling (18), but there are still unknown targets and mechanisms
worth exploring. Sirtuin 1 (SIRT1), the most studied member of the class Il NAD*-
dependent deacetylases, is involved in various physiological and pathological processes
by deacetylating a variety of histones or non-histone proteins (19). By regulating
the acetylation balance, and the crosstalk with other post-translational modifications,
SIRTT modulates cell proliferation and differentiation, apoptosis, autophagy, oxidative
stress, metabolism, and inflammation. Known non-histone targets of SIRT1 include p53,
FOXO1/3/4, HIF1a, p65, p300, TIP60, IRF3, IRF7, IFI16, etc. (20-26). It is closely associ-
ated with several diseases such as autoimmune diseases and even cancer (27, 28). The
agonists or inhibitors of SIRT1 have been developed to be potential treatment strategies
for inflammation or autoimmune diseases (29). However, it is possible that there are still
unknown targets or pathways for SIRT1 in the regulation of inflammation or inflamma-
tion-related pathways.

In this study, we characterized the novel regulatory functions of SIRT1 in type | and
type Il IFN-induced pathways. It attenuated the signaling pathways by deacetylating
STAT1 and STAT3 and reducing their phosphorylation levels, which then promoted viral
replication.

RESULTS
SIRT1 negatively modulates type | IFN-induced signaling

To assess whether SIRT1 is involved in type | IFN-induced signaling, we first performed
Dual-Luciferase reporter assays stimulated by IFNa or IFNB. As shown in Fig. 1A and B,
overexpression of SIRT1 suppressed IFNa- or IFNB-induced ISRE activation. Treatment
with the potent and selective SIRT1 inhibitor, EX527 (30), resulted in enhanced IFNa- or
IFNB-induced ISRE activation (Fig. 1C and D). Then we attempted to examine the effects
of knockout of endogenous SIRTT on type | IFN-induced transcription of downstream
genes by real-time PCR. Compared to that in WT cells, the expression of downstream
genes such as IFIT1, ISG12, and OAST induced by IFNa or IFNB was increased in SIRT1-KO
cells (Fig. 1E and F). Almost all STAT family members are activated in type | IFN-induced
activation. STAT1 and STAT2 are the characteristic STAT family members activated by type
| IFN treatment (4). STAT3 is another important STAT member, which is also activated
by type I IFN treatment (5). Therefore, we monitored the effects of SIRT1 expression
on the phosphorylation state of STAT1, STAT2, and STAT3. As shown in Fig. 2A and B,
knockout of SIRTT enhanced IFNa- or IFNB-induced phosphorylation of STAT1 (Y701) and
STAT3 (Y705). As shown in Fig. 2C and D, inhibition of SIRT1 by EX527 enhanced the
phosphorylation of STAT1 (Y701) or STAT3 (Y705) induced by type | IFNs such as IFNa
or IFN. In contrast, knockout of SIRTT or treatment with EX527 had no effects on the
phosphorylation of STAT2 (Y690) induced by IFNa or IFNB (Fig. 2E through H). Taken
together, these data suggest that SIRT1 may be a novel negative modulator in type |
IFN-induced JAK-STAT signaling.
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FIG 1 SIRT1 attenuates type | IFN-mediated response. (A and B) Luciferase activity analysis of an ISRE

reporter in human embryonic kidney (HEK) 293T cells transfected with control vector or SIRT1 expressing
plasmid, followed by treatment with 10 ng/mL IFNa (A) or IFNB (B) for 12 h. (C and D) Luciferase activity
analysis of an ISRE reporter in HEK293T cells pretreated with DMSO or 20 uM EX527 for 2 h, then treated
with 10 ng/mL IFNa (C) or IFNB (D) for 12 h. (E and F) qPCR analysis of IFIT1, ISG12, or OAST mRNA in WT
and SIRT1-KO HCT116 cells treated with 10 ng/mL IFNa (C) or IFNB (D) for indicated time points. **P <
0.01, ***P < 0.001.
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FIG 2 SIRT1 suppresses type | IFN-induced signaling. (A and B) Immunoblot analysis of phosphorylated (p-) STAT1 (Y701) and p-STAT3 (Y705) in WT and SIRT1-KO
HCT116 cells treated with 10 ng/mL IFNa (A) or IFNB (B) for indicated time points. (C and D) Immunoblot analysis of p-STAT1 (Y701) and p-STAT3 (Y705) in
HEK293T cells pretreated with DMSO or 20 uM EX527 for 8 h, then treated with 10 ng/mL IFNa (C) or IFN (D) for indicated time points. (E and F) Immunoblot
analysis of p-STAT2 (Y690) in WT and SIRT1-KO HCT116 cells treated with 10 ng/mL IFNa (E) or IFN (F) for indicated time points. (G and H) Immunoblot analysis of
p-STAT2 (Y690) in HEK293T cells pretreated with DMSO or 20 uM EX527 for 8 h, then treated with 10 ng/mL IFNa (G) or IFN (H) for indicated time points.
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SIRT1 negatively modulates type Il IFN-induced signaling

The JAK-STAT signaling pathway is also used by other cytokines such as type Il IFN as
well (31, 32). We then investigated whether SIRT1 is also involved in type Il IFN-induced
signaling. In Dual-Luciferase assays, overexpression of SIRT1 inhibited IFNy-induced ISRE
activation (Fig. 3A). Treatment with SIRT1 inhibitor led to increased IFNy-induced ISRE
activation (Fig. 3B). Consistently, knockout of SIRTT increased IFNy-induced downstream
genes such as IFIT2, ISG12, and OAST (Fig. 3C). IFNy-stimulated phosphorylated STAT1
(Y701) and STAT3 (Y705) were also examined. As it was shown in Fig. 3D, knockout
of SIRTT enhanced IFNy-induced phosphorylation of STAT1 (Y701) and STAT3 (Y705).
Coherently, treatment with the SIRT1 inhibitor EX527 enhanced IFNy-induced phosphor-
ylation of STAT1 (Y701) and STAT3 (Y705) (Fig. 3E). Thus, these findings suggest that SIRT1
also inhibited type Il IFN-induced signaling.

SIRT1 impairs type | and type Il IFN-induced antiviral immunity

It is well documented that type | IFN and type Il IFN are important in antiviral immunity
(33). We have demonstrated that SIRT1 is a negative regulator in both type | and type Il
IFN-induced signaling. We then sought to answer the question whether SIRT1 is involved
in viral replication. We used the RNA virus, vesicular stomatitis virus (VSV), and DNA
virus, herpes simplex virus 1 (HSV-1), to investigate the functions of SIRT1 in the antiviral
activity of type | or type Il IFN. Real-time PCR, immunoblot, and fluorescence microscopy
were used to monitor viral infection. As it was shown in Fig. 4A through C, the VSV
replication was significantly inhibited in SIRT7-KO cells pretreated with IFNa, IFN, or
IFNy. Similarly, the HSV-1 replication was also inhibited in SIRT7-KO cells pretreated with
IFNa, IFNB, or IFNy (Fig. 4D through F). Taken together, SIRT1 negatively regulates type |
and type Il IFN-induced signaling and promotes viral replication.

SIRT1 physically interacts with STAT1 and STAT3

As demonstrated above, SIRT1 inhibited both type | and type Il IFN-induced signaling
and the phosphorylation of both STAT1 and STAT3. We then tried to understand how
SIRT1 exerts its suppressive functions. First, we tested whether SIRT1 can associate with
STAT1 or STAT3. Initially, we detected the interaction between SIRT1 and STAT1 or STAT3
in human embryonic kidney (HEK) 293T cells. SIRT1 physically interacted with STAT1 and
STAT3, and this interaction was enhanced by IFNag, IFN, or IFNy stimulation in HEK293T
cells (data not shown). Then we used the monocyte-like cell line THP-1 to examine the
interaction. The interaction was similarly enhanced by IFNa, IFNB, or IFNy stimulation
in THP-1 cells (Fig. 5A). It is well known that both RNA virus such as Sendai virus (SeV)
and DNA virus such as HSV-1 infection promote the production of type | IFNs, then we
detected the interaction between SIRT1 and STAT1 or STAT3 after RNA or DNA virus
infection. As expected, the interaction between SIRT1 and STAT1 or SIRT1 and STAT3
was also enhanced after SeV or HSV-1 infection (Fig. 5B and C). Then we tried to map
the interaction domain between SIRT1 and STAT1 or STAT3. As it was shown in Fig. 5D
through G, the C-terminal domain of STAT1 (amino acids 489-750) or STAT3 (amino acids
495-770) was responsible for the interaction with SIRT1. These data suggest that SIRT1
can associate with STAT1 and STAT3, and this interaction was enhanced by type | or type
I1 IFN stimulation and viral infection.

SIRT1 deacetylates STAT1

The above data showed that SIRT1 inhibited type | or type Il IFN-induced STAT1
phosphorylation, SIRT1 physically interacted with STAT1. It was previously reported that
STAT1 can be acetylated (34). SIRT1 is a known class Il deacetylase. We next attempted
to determine whether SIRT1 can deacetylate STAT1. As shown in Fig. 6A, the acetyltrans-
ferase CREB-binding protein (CBP) can promote the acetylation of STAT1. Whereas, SIRT1
indeed reduced the acetylation level of STAT1 upon IFNa treatment. In contrast, the SIRT1
inhibitor EX527 processing increased the acetylation level of STAT1 upon IFNa treatment
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FIG 3 SIRT1 negatively modulates type Il IFN-induced signaling. (A) Luciferase activity analysis of an ISRE reporter in HEK293T cells transfected with control
vector or SIRT1T expressing plasmid, followed by treatment with 50 ng/mL IFNy for 12 h. (B) Luciferase activity analysis of an ISRE reporter in HEK293T cells
pretreated with DMSO or 20 uM EX527 for 2 h, then treated with 50 ng/mL IFNy for 12 h. (C) qPCR analysis of IFIT2, ISG12, or OAST mRNA in WT and SIRT1-KO
HCT116 cells treated with 50 ng/mL IFNy for indicated time points. (D) Immunoblot analysis of p-STAT1 (Y701) and p-STAT3 (Y705) in WT and SIRT1-KO HCT116
cells treated with 50 ng/mL IFNy for indicated time points. (E) Immunoblot analysis of p-STAT1 (Y701) and p-STAT3 (Y705) in HEK293T cells pretreated with DMSO
or 20 uM EX527 for 8 h, then treated with 50 ng/mL IFNy for indicated time points. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIG 5 SIRT1 physically interacts with STAT1 and STAT3. (A) Co-immunoprecipitation analysis of the interaction of endogenous SIRT1 with STAT1 and STAT3 in
THP-1 cells, untreated (left) or treated (right) with 10 ng/mL IFNa/IFNB or 50 ng/mL IFNy for 8 h. (B and C) Co-immunoprecipitation analysis of the interaction
of endogenous SIRT1 with STAT1 and STAT3 in THP-1 cells, uninfected (left) or infected (right) with SeV (MOI = 1, C) or HSV-1 (MOl = 10, D) for 8 h. (D,
F) Structure domain of human STAT1 (D) and STAT3 (F). NTD, N-terminal domain; CCD, coiled-coil domain; DBD, DNA-binding domain; LD, linker domain; SH2D,
SH2 domain; TAD, transactivation domain. (E) Co-immunoprecipitation analysis of HEK293T cells transfected with plasmids encoding Myc-SIRT1 and Flag-STAT1
or its truncation mutants for 24 h. (G) Co-immunoprecipitation analysis of HEK293T cells transfected with plasmids encoding Myc-SIRT1 and Flag-STAT3 or its
truncation mutants for 24 h.
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FIG 6 SIRT1 deacetylates STAT1. (A) Immunoprecipitation analysis of STAT1 acetylation in HEK293T cells transfected with plasmids encoding Flag-STAT1, HA-CBP,
and Myc-SIRT1 for 24 h, then treated with 10 ng/mL IFNa for 0.5 h. (B) Immunoprecipitation analysis of STAT1 acetylation in HEK293T cells transfected with
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analysis of STAT1 acetylation in WT and SIRT7-KO HCT116 cells transfected with plasmids encoding Flag-STAT1 for 24 h, then treated with 10 ng/mL IFNa for
0.5 h. (D) Sequence conservation analysis of STAT1 from different species (top) and sequence alignment of the human STAT family (bottom). (E) Immunoblot
analysis of p-STAT1 (Y701) in HEK293T cells transfected with plasmids encoding Flag-STAT1 WT or mutant for 24 h, then treated with 10 ng/mL IFNa for 0.5 h.
(F) Immunoprecipitation analysis of STAT1 acetylation in HEK293T cells transfected with plasmids encoding Flag-STAT1 WT or K673R and Myc-SIRT1 for 24 h, then
treated with 10 ng/mL IFNa for 0.5 h. (G) Immunoprecipitation analysis of STAT1 acetylation in HEK293T cells transfected with plasmids encoding Flag-STAT1

K410/413R or 3 K/R and Myc-SIRT1 for 24 h, then treated with 10 ng/mL IFNa for 0.5 h. 3 K/R, K410/413/673R.

(Fig. 6B). Consistently, the acetylation level of STAT1 was increased in SIRT1-KO cells upon
IFNa treatment (Fig. 6C).

The next question is which lysine site of STAT1 is acetylated and mediates the
crosstalk between SIRT1 and STAT1. We have demonstrated that SIRT1 interacted with
the C-terminal of STAT1 (amino acids 489-750). The lysine sites of STAT1 near Y701 were
analyzed. STAT1 K673, K679, K685, K697, and K703 are conserved in human, bovine, pig,
mouse, and rat (Fig. 6D). These lysine residues were mutated to arginine. Upon IFNa
treatment, the phosphorylation state of these mutants was detected. The STAT1 K673R
mutant showed a dramatic reduction in the phosphorylation level of STAT1 (Y701), which
was comparable to the endogenous phosphorylation in cells (Fig. 6E), suggesting that
the modification of STAT1 K673 is critical for STAT1 (Y701) phosphorylation. This lysine
site is also highly conserved in the human STAT family (Fig. 6D). We then tested whether
K673 is the acetylation/deacetylation site in IFN-induced signaling. SIRT1 inhibited STAT1
acetylation upon IFNa treatment. In contrast, the acetylation level of STAT1 K673R
mutant was very weak and not altered by overexpressed SIRT1 (Fig. 6F). Previously,
the acetylation of STAT1 at K410, K413 sites was reported (34). We then constructed the
STAT1 K410/413R mutant. In the presence of SIRT1, the STAT1 K410/413R can still be
deacetylated by SIRT1 (Fig. 6G). Then we further mutated K673 on the K410/413R mutant
and obtained the STAT1 3 K/R (K410/413/673R) mutant. In-line with the data about STAT1
K673R, the acetylation level of STAT1 3 K/R was barely detectable and not altered by
SIRT1 (Fig. 6G). These data suggest that SIRT1 can remove the acetyl moiety from STAT1
K673, which is critical for the phosphorylation of STAT1 (Y701).

SIRT1 deacetylates STAT3

The above data suggested that SIRT1 can physically interact with STAT3; we next tried
to explore whether STAT3 was another deacetylation target of SIRT1. As shown in Fig.
7A, the acetyltransferase CBP promoted the acetylation of STAT3. As expected, SIRT1
reduced the acetylation level of STAT3 upon IFNy treatment. The SIRT1 inhibitor EX527
processing resulted in an increased acetylation level of STAT3 upon IFNy treatment (Fig.
7B). Consistently, the acetylation level of STAT3 was increased in SIRT1-KO cells upon IFNy
treatment (Fig. 7C).

In an early report on gluconeogenesis, four lysine acetylation residues, K679, K685,
K707, and K709, of STAT3 were reported to be deacetylated by SIRT1. The 4 K/R STAT3
mutant was no longer sensitive to stimulation by IL-6 (35). These four lysines are adjacent
to the phosphorylation site of STAT3 Y705 and locate at the C-terminal of STAT3 (amino
acids 495-770), which interacts with SIRT1. Here, we investigated whether SIRT1 can
deacetylate these four lysines under IFN stimulation. STAT3 K679, K685, K707, and K709
are highly conserved among different species (Fig. 7D). These lysines were then mutated
into arginine alone or altogether. The K679, K685, K707, and K709 sites were all shown
to be critical for the phosphorylation of STAT3 (Y705). Consistently, the STAT3 4 K/R
mutant was barely phosphorylated upon IFNy stimulation (Fig. 7E). Furthermore, the
STAT3 4 K/R mutant was barely acetylated, and the acetylation level was not altered by
overexpression of SIRT1 upon IFNy treatment (Fig. 7F). The acetylation of STAT3 at K49,
K87 was previously reported (36). We constructed the STAT3 K49/87R mutant. The STAT3
K49/87R mutant can still be deacetylated by SIRT1 (Fig. 7G). In-line with the data about
STAT3 4 K/R mutant, the acetylation level of STAT3 6 K/R (K49/87/679/685/707/709R) was
barely detectable and not changed by SIRT1 (Fig. 7G).
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FIG 7 SIRT1 deacetylates STAT3. (A) Immunoprecipitation analysis of STAT3 acetylation in HEK293T cells transfected for 24 h with plasmids encoding Flag-STAT3,
HA-CBP, and Myc-SIRT1, then treated with 50 ng/mL IFNy for 0.5 h. (B) Immunoprecipitation analysis of STAT3 acetylation in HEK293T cells transfected with
plasmids encoding Flag-STAT3 for 24 h, dealed with DMSO or 20 uM EX527 for 8 h, then treated with 50 ng/mL IFNy for 0.5 h. (C) Immunoprecipitation analysis
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FIG 7 (Continued)

of STAT3 acetylation in WT and SIRT1-KO HCT116 cells transfected with plasmids encoding Flag-STAT3 for 24 h, then treated with 50 ng/mL IFNy for 0.5 h.
(D) Sequence conservative analysis of STAT3 from different species. (E) Immunoblot analysis of p-STAT3 (Y705) in HEK293T cells transfected with plasmids
encoding Flag-STAT3 WT or mutant for 24 h, then treated with 50 ng/mL IFNy for 0.5 h. (F) Immunoprecipitation analysis of STAT3 acetylation in HEK293T cells
transfected with plasmids encoding Flag-STAT3 WT or 4 K/R and Myc-SIRT1 for 24 h, then treated with 50 ng/mL IFNy for 0.5 h. (G) Immunoprecipitation analysis
of STAT3 acetylation in HEK293T cells transfected with plasmids encoding Flag-STAT3 K49/87R or 6 K/R and Myc-SIRT1 for 24 h, then treated with 50 ng/mL IFNy
for 0.5 h. 4 K/R, K679/685/707/709R; 6 K/R, K49/87/679/685/707/709R.

Taken together, our results indicate that both STAT1 and STAT3 are targets for
the deacetylase SIRT1. In response to interferon stimulation, SIRT1 can decrease the
acetylation level of both STAT1 and STAT3, leading to reduced activation of STAT1 and
STAT3.

Sirt1*~ primary macrophages and Sirt1*~ mice exhibit enhanced IFN-induced
signaling

We then sought to investigate the functions of SIRT1 in primary cells. We were unable
to obtain Sirt7”~ mice in our breeding stock, possibly due to the reproductive problems
caused by the loss of Sirt1. We used Sirt1*~ primary peritoneal macrophages and Sirt1*~
mice for further studies instead. We harvested primary peritoneal macrophages from
WT and Sirt7"~ mice and stimulated these cells with IFNa or IFNy. In response to IFNa
stimulation, Sirt7¥~ primary macrophages had increased production of downstream
genes of Ifit1 and /fit2 (Fig. 8A) and increased phosphorylation levels of STAT1 (Y701)
and STAT3 (Y705) (Fig. 8C). Similar results were obtained upon stimulation with IFNy.
In response to IFNy stimulation, Sirt7*~ primary macrophages had increased production
of downstream genes of /fit1 and /fit2 (Fig. 8B) and increased phosphorylation levels of
STAT1 (Y701) and STAT3 (Y705) (Fig. 8D) as well.

We next investigated the antiviral activity of Sirt7*~ mice upon IFN treatment. The
mice were pretreated with IFNa for 8 h, then infected with VSV for 24 h, and the organs
were harvested to monitor the viral replication or inflammation. As shown in Fig. 8E, the
VSV replication was significantly suppressed in Sirt7*~ mice compared to WT mice. HE
staining showed less infiltration of inflammatory cells, destruction of pulmonary alveoli,
and tissue damage in the lungs of Sirt7™~ mice after VSV infection, compared to those
of WT mice (Fig. 8F). Taken together, our data demonstrate that SIRT1 is a negative
regulator of type | and type Il IFN-induced signaling, which attenuates antiviral innate
immunity or inflammation.

DISCUSSION

SIRT1, a member of the class Ill deacetylases, is primarily regarded as an anti-inflam-
matory deacetylase and has been extensively studied in inflammatory diseases (21).
SIRT1 controls the level of acetylation of histones or non-histone proteins, including
p65, HIF1a, AP-1, and p38, to exert its anti-inflammatory effects (37, 38). SIRT1 can
reduce the expression of inflammatory cytokines by regulating the acetylation level of
histones. For example, SIRT1 inhibits the production of IL-6 and TNF-a by removing the
acetylation of the H3K9 on the corresponding promoter region (39). In addition, SIRT1
can reduce the acetylation level of K310 of p65, which affects its nuclear localization
and downstream inflammatory cytokine production, thereby exerting anti-inflammatory
effects (40). In addition, SIRT1 indirectly regulates the NF-kB signaling pathway by
modulating the activity of AMPK and PPARs. SIRT1 interacts with and activates AMPK,
which then indirectly inhibits NF-kB. SIRT1 enhances the interaction between PPARa and
p65, thereby attenuating the activation of p65 (41). SIRT1 is able to directly interact
with HIF1a and reduce its acetylation level, thereby inhibiting the activity of HIF1a. In
necrotizing enterocolitis, SIRT1 can alleviate the intestinal epithelial barrier dysfunction
by inhibiting the expression and activity of HIF1a and downregulating the expression of
inflammatory cytokines such as IL-6, IL-8, and TNF-a (42). Moreover, in recent years, the
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FIG8 Sirt1"" mice exhibit enhanced type | and type Il IFN-induced signaling and antiviral activity. (A and B) qPCR analysis of /fit7 or Ifit2 mRNA in WT and Sirt1"~
peritoneal macrophages treated with 50 ng/mL IFNa (A) or IFNy (B) for indicated time points. (C and D) Immunoblot analysis of p-STAT1 (Y701) and p-STAT3
(Y705) in WT and Sirt1*~ peritoneal macrophages treated with 50 ng/mL IFNa (C) or IFNy (D) for indicated time points. (E) gPCR analysis of VSV RNA in the liver
and spleen of WT and Sirt7”" mice (n = 6 per group) pretreated with IFNa (50 ng/g, i.p.) for 8 h and then treated with VSV (5 x 10’ pfu/g, i.p.) for 24 h. (F) HE
staining of lung sections from mice in (E). Scale bars, 100 pm. *P < 0.05, **P < 0.01, ***P < 0.001.

regulatory functions of SIRT1 in innate immunity have also been documented, such as
RNA virus- or DNA virus-induced type | IFN signaling, which can target IRF3, IRF7, or IFI16
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for deacetylation (25, 26). Thus, although SIRT1 has broad regulatory functions in diverse
physiological conditions, its functions in type | and type Il IFN-induced downstream
signaling are still unclear.

Type | and type Il IFNs are important mediators in both innate and adaptive immunity
(1, 2). They are under tight control. Acetylation and deacetylation of key molecules
in JAK-STAT signaling will ultimately affect the strength of these pathways (43, 44).
Acetylation of STAT1 at K410 and K413 results in reduced expression of anti-apoptotic
NF-kB target genes (34). However, it is not yet known whether there exit the acetylation
sites at the C-terminal domain of STAT1. STAT3 is known to play an important role
downstream of IL-6 family cytokines. In addition, STAT3 is also implicated in the type
I IFN-induced signaling pathway as well as the type Il IFN-induced signaling pathway.
The acetyltransferase CBP/p300 can promote the acetylation modification of STAT3 at
K685, and this modification promotes the nuclear translocation, DNA-binding ability,
and the transactivation activity of STAT3 (45). Furthermore, it was reported that STAT3
K679, K685, K707, and K709 were acetylated under IL-6 stimulation, which is critical for
the phosphorylation of STAT3 (35). In addition, the acetyltransferase p300 promotes the
acetylation modification of STAT3 at N-terminal K49 and K87. The STAT3 K49/87R mutant
retains the ability to translocate to the nucleus, but it loses the ability to bind to p300,
and the acetylation of STAT3 at other sites is affected, thereby attenuating the expression
of downstream target genes (36).

Members of the deacetylase HDAC family are known to be important in the
regulation of JAK-STAT signaling. HDACs can deacetylate STAT1 (46, 47). For example,
it has been reported that HDAC4 can act as a STAT1 deacetylase and alter the effect
of cisplatin on STAT1 signaling in ovarian cancer (48). In addition, HDAC1, 2, and 3
can remove the acetyl moiety from STAT3 and inhibit the transcription of downstream
genes. Inhibition of both HDAC1 and HDAC2 augments the STAT3-dependent expression
of downstream genes. HDACi can increase the acetylation level of STAT3, e.g., TSA
and LBH589 treatment can enhance the acetylation level of STAT3, accompanied by
dephosphorylation (49-51).

In this report, we sought to dissect the functions of SIRT1 in the type | and type Il IFN
signaling pathways. Dual-Luciferase reporter assays showed that SIRT1 indeed negatively
modulated the type | and type Il IFN signaling pathways. To consolidate the suppres-
sive functions of SIRT1, the downstream genes of both type | and type Il IFN-induced
signaling and the phosphorylation levels of STAT1 and STAT3 were determined in
SIRT1-KO cells. Knockout of SIRTT resulted in increased expression of the downstream
target genes of type | and type Il IFN signaling and enhanced antiviral activity. Besides,
the phosphorylation levels of STAT1 and STAT3 were increased in SIRT1-KO cells. Sirt1*~
primary macrophages and Sirt7¥~ mice also showed improved IFN-induced signaling
and enhanced antiviral activity. EX527, a SIRT1 inhibitor, also enhanced type | and type
Il IFN-induced signaling, implying that the suppressive functions of SIRT1 are depend-
ent of its deacetylase activity. This as well increases the potential application of SIRT1
agonists or antagonists in the treatment of viral infection, inflammatory diseases, or even
interferon-related therapies.

The endogenous co-immunoprecipitation assays showed that SIRT1 indeed physically
interacted with STAT1 or STAT3. This interaction was enhanced by type | IFN or type
I IFN treatment. RNA virus SeV or DNA virus HSV-1 infection also increased the associa-
tion between SIRT1 and STAT1 or STAT3. These data implied that SIRTT may play its
suppressive functions at the late phase of the cytokine stimulation or viral infection
and contribute to the homeostasis maintenance. This is consistent with previous reports
that SIRT1 is an important anti-inflammatory regulator. Dysregulation of SIRT1 is closely
related with the occurrence and progression of autoimmune diseases (29, 38). Domain
mapping suggested that SIRT1 interacted with the C-terminal of STAT1 or STAT3, where
the key phosphorylation site of STAT1 or STAT3 is located.

Cross-regulation between phosphorylation and acetylation is well documented. In
colorectal cancer cells, PGAM5 dephosphorylates ME1 at S336 and then promotes
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increased acetylation of ME1 at the adjacent K337 (52). Here, we found that SIRT1 can
remove the acetylation moiety from STAT1 at K673, which is located at the SH2 domain
of STAT1. STAT1 K673 is very critical for the STAT1 Y701 phosphorylation. STAT1 K673R has
a reduced phosphorylation state, suggesting that the acetylation at K673 may help the
phosphorylation and activation of STAT1. We also tested whether the known acetylation
sites of STAT1 K410 and K413 were also affected by SIRT1. The interaction between
SIRT1 and STAT1 was mapped to the C-terminal of STAT1. The acetylation level of STAT1
K410/413R mutant was still decreased by SIRT1, suggesting that SIRT1 deacetylates
STAT1 at the sites in the C-terminus. The STAT1 3 K/R (K410/413/673R) had similar
results to STAT1 K673R. Previously, it was reported that two cases of autosomal-dominant
Mendelian susceptibility to mycobacterial disease patients had SH2 domain-negative
mutants including K673R (53). This indicates that STAT1 K673 is important for STAT1
activation. The STAT1 K673R mutant is not only important for antiviral immunity but also
for antimycobacterial immunity. In our study, we provide evidence that the acetylation
of STAT1 at K673 is essential for the activation of type | or type Il IFN-induced STAT1
activation.

As mentioned above, the acetylation status near Y705 also affects the phosphoryla-
tion level of STAT3, while we stimulated with IFNy and previous researchers treated
with IL-6. STAT3 C-terminal 4 K/R mutant almost loses the ability to be phosphory-
lated, suggesting that all these four lysines are essential for STAT3 phosphorylation
and activation. Other reported acetylation sites of STAT3 include K49 and K87. We
also examined whether the acetylation level of STAT3 K49 and K87 was regulated by
SIRT1. The interaction between SIRT1 and STAT3 was mapped to the C-terminal of
STAT3, instead of the N-terminal of STAT3. The acetylation level of STAT3 K49/87R was
still decreased by SIRT1, suggesting that SIRT1 deacetylates STAT3 at the sites in the
C-terminus. The STAT3 6 K/R had similar results to STAT3 4 K/R. Why acetylation state of
lysines close to STAT1 Y701 or STAT3 Y705 affects the phosphorylation requires future
studies. One possible explanation is that the acetylation status may affect the recruit-
ment and association of phosphatases or kinases with STAT1 or STAT3. Intriguingly, in our
data, we found that SIRT1 only reduced type | and type Il IFN-induced phosphorylation of
STAT1 and STAT3. SIRT1 had no effects on type | IFN-induced STAT2 (Y690) activation. We
have not figured out the exact mechanisms to explain this. One possible explanation is
that STAT1 and STAT3 are more phylogenetically related.

In addition to acting as a deacetylase, SIRT1 has also been suggested to be an eraser
of post-translational modifications such as lactylation or crotonylation (54-57). However,
in this study, we clearly show that SIRT1 can remove the acetyl moiety from STAT1 and
STAT3. Further studies are required to dissect whether novel post-translational modifica-
tions such as lactylation and crotonylation are also involved in the precise modulation
of type | and type Il IFN-induced signaling. The acetyltransferases and deacetylases may
have a variety of targets. It is possible that in addition to STAT1 and STAT3, SIRT1 may
act synergistically on other key signaling molecules or histones to regulate type | or type
Il IFN-induced signaling. Type | and type Il IFN-induced signaling are very important for
antiviral immunity and tumor therapies. In this study, we tested the effects of SIRT1 or its
inhibitor EX527 in multiple cell lines, such as HEK293T cells, HCT116 cells, THP-1 cells, and
primary macrophages, suggesting that the suppressive functions of SIRT1 on type | or
type Il IFN-induced signaling are extensively existed. It extends the potential applications
of SIRT1 agonists or antagonists in the future.

Here, we show that the class Ill deacetylase SIRT1 can remove the acetyl moiety from
STAT1 and STAT3, thereby reducing STAT1 and STAT3 activation, and leading to reduced
type I and type Il IFN signaling (Fig. 9). Our study reinforces the notion that SIRT1 is an
important target for intervention in inflammatory diseases. Inhibition or activation of
SIRT1 by antagonists or agonists will have promising applications in antiviral immunity,
inflammation, and the related diseases in the future.
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FIG 9 Proposed working model for SIRT1 as a negative regulator in type | and type Il IFN-induced signaling. The deacetylase SIRT1 interacts with STAT1

and STAT3 to remove the acetyl moiety from the C-terminus of STAT1 and STAT3, thereby inhibiting their phosphorylation and activation. Image created with

BioRender.com, with permission.

MATERIALS AND METHODS
Cell lines, viruses, and plasmids

HEK293T, HCT116, Vero, and L929 cells were cultured in DMEM (Thermo-Fisher),
supplemented with 10% heat-inactivated FBS (ExCell), 100 U/mL penicillin, and
100 pg/mL streptomycin (Thermo-Fisher). THP-1 cells were cultured in RPMI 1640
medium (Thermo-Fisher) supplemented with 10% FBS and penicillin/streptomycin. WT
and SIRT1-KO HCT116 cells were kindly provided by Dr. Wei Yu (Fudan University, China).
SeV was amplified by inoculation of chick embryos, while VSV, VSV-GFP, and HSV-1-GFP
were amplified by infection of Vero cells. The viral titers were determined by TCID50 in
L929 cells. The Myc-SIRT1 and HA-CBP plasmids were kindly provided by Dr. Jianyuan
Luo (Peking University, China). The pRL-SV40 and ISRE luciferase reporter plasmids were
gifts from Dr. Hong-Bing Shu (Wuhan University, China). The plasmid pRK-Flag-STAT3
was from Dr. Dan Lu (Peking University, China). The plasmids of pRK-Flag-STAT1, STAT1
mutants, and STAT3 mutants were constructed using standard molecular techniques and
verified by sequencing.

Reagents and antibodies

Recombinant human IFNa (C005), human IFNy (C014), mouse IFNa (CK83), and mouse
IFNy (C746) were from Novoprotein. Human IFN{ (10704-HNAS) was from Sino Biological.
SIRT1 inhibitor EX527 (S1541) was purchased from Selleck Chemicals. Antibodies
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against STAT1 (14995S), phospho-STAT1 (Tyr701) (9167S), phospho-STAT2 (Tyr690)
(4441S), and phospho-STAT3 (Tyr705) (9145S) were from Cell Signaling Technology. The
STAT3 antibody (A19566) was from ABclonal. The SIRT1 (13161-1-AP), STAT2 (16674-1-
AP), and B-actin (66009-1-Ig) antibodies were from Proteintech. The acetylated-lysine
antibody (PTM-105RM) was from PTM Biolabs. The anti-HA tag (M20003S) and f-tubulin
(M30109S) antibodies were from Abmart. The anti-Flag tag (M185-3L) and GFP (MBL598)
antibodies were from MBL. The anti-Myc tag antibody (TA150121) was from Origene.
Mouse IgG (15381) and rabbit IgG (15006) were from Sigma-Aldrich. HRP-conjugated goat
anti-mouse IgG (BF03001) and HRP-conjugated goat anti-rabbit IgG (BF03008) were from
Biodragon.

Cell transfection and Luciferase reporter assays

Polyethyleneimine (PEI, Sigma-Aldrich) was used for transfection of HEK293T and
HCT116 cell lines. Dual-Luciferase assays were performed to monitor type | or type Il
IFN-induced transcriptional activity. Briefly, HEK293T cells were cotransfected by PEI with
100 ng of ISRE luciferase reporter plasmid and 1 ng of pRL-SV40 plasmid, as well as
control vector or SIRT1 overexpressing vector. Twenty-four hours after transfection, the
cells were treated with IFNa (10 ng/mL) or IFNf (10 ng/mL) or IFNy (50 ng/mL) for
12 h. The cells were then harvested, and the luciferase activity was quantified using the
Dual-Luciferase Reporter Assay Kit (Promega).

RT-PCR and quantitative real-time PCR

Total RNAs were extracted by TRIzol reagent (Gene-Protein Link). The ¢cDNAs were
synthesized by Hifair Ill 1st Strand cDNA Synthesis Kit (Yeasen). Hieff gPCR SYBR Green
Master Mix (Yeasen) was used for the subsequent quantitative real-time PCR. The ABI Q5
Detection System was used for real-time PCR analysis.

Gene-specific primer sequences were as follows:

Human GAPDH forward: 5-ACCCACTCCTCCACCTTTGA-3’, reverse: 5-CTGTTGCTGTAG
CCAAATTCGT-3%; Human IFITT forward: 5-GCCATTTTCTTTGCTTCCCCTA-3’, reverse: 5-T
GCCCTTTTGTAGCCTCCTTG-3; Human IFIT2 forward: 5-CACCTCTGGACTGGCAATAGC-3’,
reverse: 5-GTCAGGATTCAGCCGAATGG-3; Human ISG12 forward: 5-TGCCATGGGCTTCA
CTGCGG-3’, reverse: 5-CTGCCCGAGGCAACTCCACC-3; Human OAST forward: 5-CATC
CGCCTAGTCAAGCACTG-3’, reverse: 5-CCACCACCCAAGTTTCCTGTAG-3’; Mouse B-actin
forward: 5-AGAGGGAAATCGTGCGTGAC-3’, reverse: 5-CAATAGTGATGACCTGGCCGT-3%
Mouse Ifit1 forward: 5-GAACCCATTGGGGATGCACAACCT-3’, reverse: 5-CTTGTCCAGGTA
GATCTGGGCTTCT-3"; Mouse [fit2 forward: 5'-CGGAAAGCAGAGGAAATCAA-3’, reverse: 5°-T
GAAAGTTGCCATACCGAAG-3; VSV forward: 5-ACGGCGTACTTCCAGATGG-3’, reverse: 5-C
TCGGTTCAAGATCCAGGT-3’; HSV-1-UL30 forward: 5-CATCACCGACCCGGAGAGGGAC-3’,
reverse: 5-GGGCCAGGCGCTTGTTGGTGTA-3'".

Immunoblot analysis

Cells were harvested and lysed in RIPA lysis buffer (Beyotime Biotechnology) with
protease and phosphatase inhibitors (Roche) on ice for 1 h. The protein concentration
was determined using a BCA Quantification Kit (Beyotime), followed by the addition of
SDS loading buffer (5x) and boiling at 100°C for 10 min, and subjected to SDS-PAGE. The
membrane was blocked in 5% non-fat milk at room temperature for 1 h and incuba-
ted with diluted antibodies at 4°C with moderate shaking overnight. The membrane
was then washed three times with TBST. HRP-conjugated secondary antibody was
then added. Finally, the membrane was washed three times again and imaged using
ImageQuant LAS 500.

Immunoprecipitation

HEK293T cells or THP-1 cells treated as indicated were harvested and lysed in IP lysis
buffer (Beyotime) with protease inhibitor and phosphatase inhibitors at 4°C for 1 h.
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The lysates were sonicated for 20 s, and the supernatants were collected. Each sample
was co-incubated with control IgG or antibody at 4°C overnight. On the second day,
protein A agarose beads were added and co-incubated for 3-4 h. The samples were then
centrifuged and washed for several times, followed by boiling in SDS loading buffer (1x)
at 100°C for 10 min for further immunoblot analysis. The acetylation modification was
analyzed with acetylated-lysine antibody.

Mice and animal experiments

The Sirt17*~ mice were kindly provided by Dr. Michael W. McBurney (University of Ottawa,
Canada) (58). The mice were crossed with C57BL/6 mice over eight generations. The mice
were bred under specific pathogen-free conditions. Age- and sex-matched 6-8-week-old
mice were used in our experiments. All animal experiments were approved by the
Institutional Animal Care and Use Committee of Peking University Health Science Center.

WT and Sirt7*~ mice were treated with IFNa (50 ng/g, i.p.) for 8 h and infected with
VSV (5 x 107 pfu/g, i.p.) for 24 h. Then the organs were harvested and detected by qPCR
and HE staining analysis.

Preparation of primary peritoneal macrophages

Peritoneal macrophages were harvested from WT and Sirt7”~ mice 3 days after
intraperitoneal injection of 4% thioglycolate (Sigma-Aldrich), and the cells were cultured
in RPMI 1640 medium (Thermo-Fisher) supplemented with 10% FBS and penicillin/strep-
tomycin.

Statistical analysis

Data were analyzed by the unpaired two-tailed Student t tests using GraphPad Prism 9.0.
Results were presented as mean = SD in this study. Statistical significance was set at P <
0.05.
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